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Abstract
The solar corona, the outermost part of the solar atmosphere, is the very hot, tenuous,
inhomogeneous, and time-varying region. The longtime scientific interest in the corona is
related to two major issues in solar physics: coronal heating and solar eruptions including
flares and coronal mass ejections. In order to understand these phenomena, observations
for fine structures leading to physical processes occurring in the corona are indispensable.
Particularly, spectral fine structures in solar radio bursts contain rich information on these
small-scale features of the corona in their spectral and polarization characteristics. Ze-
bra Pattern (ZP) is one of the most intriguing fine structures among them. It appears as
numerous nearly parallel narrow-band stripes superimposed on the continuum spectrum
of type IV bursts. Despite a large number of studies and observations devoted to this
phenomenon, there are still many unexplained properties. This thesis intends to reveal
the nature of ZP and physical processes occurring in the corona underlying the striped
spectrum of ZP. For this purpose, we performed comprehensive analyses with the use of
highly resolved spectral and polarization data obtained from the Assembly of Metric-band
Aperture TElescope and Real-time Analysis System (AMATERAS).
ZPs are often observed superposed on the continuum emission of type IV bursts, but
not all type IV bursts are accompanied by ZPs. It is highly probable that there are some
conditions necessary to generate ZPs, although such conditions have not been known. To
address the conditions for the generation of ZPs, we investigated the occurrence char-
acteristics of 21 ZP events observed with AMATERAS for 2011–2015. By comparing
the occurrence probabilities of type IV bursts with and without ZPs in association with
flares, we found that ZPs are favorable to occur (1) in the decay phase of the flare where
the background plasma are sufficiently heated, (2) associated with longer duration flares
in which the particle acceleration processes occur successively and gradually at the high
altitude in the corona, (3) in larger magnitude flares, implying that the origin of type IV
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bursts related to ZPs is post-flare loop rather than CME plasmoid, and (4) in the active re-
gions located in low and mid longitudes and there were no ZP associated with limb flares,
possibly related to the directivity of ZP emission. We also compared these characteris-
tics within the different types of ZPs which are classified by the variation in frequency
separation of the stripes f . However, no significant difference was confirmed between
them.
Polarization is an important source of information in determining the emission mech-
anism. Although ZPs are known to have strongly polarized features, its understanding is
insufficient because of the lack in the frequency resolution. Therefore we investigated a
ZP event on 2011 June 21 and its polarization focusing on the frequency dependence with
high resolution data observed by AMATERAS. As a result, we found that the degree of
circular polarization (DCP) was rather high approximately 70% in right-handed circularly
polarized component (RCP) with almost no frequency dependence, and the left-handed
component (LCP) is delayed by approximately 50 ms slightly increasing with frequency.
These results can be interpreted in the framework of the fundamental plasma emission
generation and subsequent depolarization during the propagation in the corona. Further, a
large delay of 50 ms over a wide frequency range suggests that the depolarization process
occurred very close to the source of each frequency. However, how the depolarization,
partial conversion of O-mode into X-mode, occur is not specified.
To specify the depolarization mechanism implied from an event study mentioned above,
we further investigated the polarization characteristics using the 21 ZP events observed
with AMATERAS. The obtained polarization characteristics are summarized as follows:
(1) DCPs are widely distributed in the range of 0–70%. (2) Delay between two circularly
polarized components was found and the maximum delay was approximately 70 ms. (3)
Most of the events were polarized in the sense of the O-mode. These results were consis-
tent with the scenario: generation at the fundamental plasma frequency and subsequent
depolarization. Furthermore, we found the positive correlation between DCP and delay
(rank correlation coefficient was 0.62). To interpret this correlation, we proposed a model
for depolarization based on multiple reflections at sharp density boundaries. Comparison
between the observations and model calculation indicates that the polarization character-
istics of ZPs are determined by the number of depolarizing reflections. These results also
suggest that meter-scale density boundaries are present near the source of ZPs in coronal
loops.
Various magnetohydrodynamic (MHD) waves have recently been detected in the corona
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and investigated intensively in the context of the coronal heating and coronal seismology.
In the radio wave band, signatures of these waves can be recognized as quasi-periodic
modulation in intensity and other quantities. Searching for signatures of such kind of
waves, we investigated spectro-temporal variations in f and in intensity of a ZP event.
Consequently, we found the quasi-periodic modulations in both f and radio intensity
with the typical periods of 1–2 s and 1–3 s, respectively. The modulation in f showed a
characteristic negative frequency drift of 3–8 MHz/s. Based on the Double Plasma Res-
onance (DPR) model, the f modulation can be interpreted as small scale (about 8,000
km) disturbances propagating along the coronal loop with speeds of the 3,000–8,000
km/s. Most probably, the f modulation was interpreted to be caused by impulsively
generated propagating fast sausage mode waves. On the other hand, the intensity modu-
lation can be explained by the quenching of the loss-cone instability, known as negative
bursts. A magnetic reconnection phenomena in the low corona might be the source of the
both of modulations in f and in intensity.
These achievements highlight the significance of radio spectral observations with
high time and frequency resolutions in the context of the coronal plasma diagnostics in
the flaring region. We propose that coordinated radio observations of a high resolution
spectro-polarimeter like AMATERAS and a spectro-heliograph such as Mingantu
Ultrawide SpEctral Radioheliograph (MUSER) will be essential not only to determine
the generation mechanism of the ZP, but also to probe small-scale phenomena occurring
in the corona more quantitatively.
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Chapter 1
General Introduction
The solar corona is the outer most part of the solar atmosphere. The temperature in the
corona exceeds 1 MK. The unexpected high temperature of the corona is still an enigma
today. The corona is also the field where dynamic processes including eruptive phe-
nomenon such as flares and coronal mass ejections occur. Such eruptive phenomenon can
give a significant influence not only on the solar atmosphere and interplanetary space but
also on the environment and life on Earth. Furthermore, the knowledge on phenomenon
in the solar corona can be applied to probe the stellar coronae which are far distant from
Earth. However, in-situ measurements of the coronal plasma is impossible due to its ex-
tremely high temperature. Alternatively, observations of the corona have been made by
means of remote sensing using a wide wavelength range of electromagnetic waves from
radio waves to X-rays. The first observation of the corona dates back to ancient times as
it can be seen with our eye during the solar eclipse. R.C. Carrington was the first person
who observed a brightening in white light, the solar flare in 1859. In 1946, the high tem-
perature of the corona was confirmed by the discovery of thermal radio emissions at the
meter waves. As the observation technology develops, the focus of the study has changed
from global scales to fine scales. Now, it is believed that small scale phenomena control
large scale phenomena: short period waves can heat the corona to millions of degrees, or
small scale perturbations can trigger solar eruptions, for example. This thesis investigated
such small scale phenomena and associated structures in the corona via analysis of fine
spectral structures in metric solar radio bursts.
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1.1 The Solar Corona
The main purpose of this thesis is to investigate the physical processes and associated
structures in the corona. Therefore, firstly, it is appropriate to describe overall properties
of the Sun and its atmosphere.
1.1.1 Brief Overview of the Sun and the Solar Atmosphere
The Sun, the central body of the solar system, is a fairly ordinary star of spectral type
G2V. However, its proximity to Earth makes it special to us. Firstly, it is the energy source
of all life on Earth and has profound effects on the climate of Earth and on space weather.
Secondly, it can be observed in detail, facilitating the study of physical processes which
also occur on many stars far distant from Earth. The overall properties of the Sun are
summarized in Table 1.1.
Table 1.1 Overall properties of the Sun
Age: 4:6 109 yr
Mass: 1:99 1030 kg
Radius: 695; 500 km (= 1 RS)
Mean Density: 1:4 103 kg m 3
Mean Distance from Earth: 1:496 108 km (= 1 AU)
Equatorial rotation period: 26:24 days
Effective temperature: 5785 K
The solar atmosphere is conventionally divided into five layers: the photosphere, the
chromosphere, the transition region, the corona, and the solar wind or outer corona. Al-
though they are called as layers, they are not spherical shells at all but physical regimes
with different characteristics. The boundaries follow the spatial structures and are ex-
tremely ragged.
The lowest layer is called the photosphere. The photosphere is a thin layer with a
thickness of only several hundred kilometers, and the most energy of the solar radiation is
emitted from this layer. The Sun is opaque below the photosphere, so is visible as a disc-
like form. The photospheric features are observed as the granulation, supergranulation,
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and sunspots.
Above the photosphere lies the chromosphere, a region of about 2,000 km thick. The
chromosphere is more rarefied and more transparent than the photosphere: it is optically
thin in visible continuum spectrum, but is optically thick in strong spectral lines. It be-
comes visible at the start and the end of a solar eclipse as the red color originating from
the Balmer-alpha line of hydrogen (H).
The interface between the chromosphere and the corona is called the transition region.
It is the region represented by the sharp temperature rising in a thin layer of a few hundred
kilometers width, which connects the relatively cool chromosphere to the hot corona.
The corona is the very hot, tenuous, inhomogeneous, and time-varying region which,
with its extension as the solar wind, continues from the top of the transition region to the
interplanetary space, and fills the heliosphere.
Figure 1.1 Model of the solar atmosphere in the electron temperature (Te) and density
(Ne) with the height from the photosphere to the lower corona. In the chromoshere and
below, the plasma is only partially ionized: the neutral hydrogen density is indicated
by NH (from Phillips et al. 2008).
The mean radial profiles of temperature and density in the solar atmosphere are depicted
in Figure 1.1. In the photosphere, the temperature decreases with height from about 6,600
K at the base of the photosphere to a minimum value of about 4,400 K at a height of 500
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km from the base. After that, the temperature rises slowly in the lower chromosphere and
then rises drastically through the transition region from 104 K to over 106 K in the corona.
On the other hand, the plasma density mostly decrease rapidly with height. The plasma
is only partially ionized below the chromosphere and becomes fully ionized above the
transition region where the temperature increases drastically.
1.1.2 The Structure of the Solar Corona
The most part of the optical radiation from the Sun that we can see with our naked eye
is emitted by the photosphere. The optical radiation produced by Thomson scattering in
the corona is much less intense and thus cannot be seen with our naked eye normally.
However, it becomes visible during a solar eclipse. As shown in Figure 1.2, the corona
is highly inhomogeneous and has many complicated structures in it. The corona is also
highly time-varying and various dynamical processes occur in the corona. Naturally,
the plasma in the different regions and at the different times shows different characters.
Notable features are coronal holes, coronal loops, and coronal streamers, etc. Here, we
describe the basic structures of such inhomogeneous corona.
Figure 1.2 The solar corona viewed in white light during the total solar eclipse on
2017 August 22 (courtesy of S. Habbal, M. Druckmu¨ller, and P. Aniol).
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Density Structure of the Corona
Electron density in the corona decreases with an increase in height: it ranges from
109 cm 3 at the base of the corona in quiet regions, to 106 cm 3 in the upper corona
at a height of one solar radius from the photosphere. However, needless to say of the
range of electron density, how it deceases with height also varies depending on regions
in the corona and on time. Figure 1.3 shows how much the difference is for different
regions in the corona: in coronal holes (upper left), quiet Sun regions (upper right), coro-
nal streamers (lower left), and in active regions (lower right). Profiles of electron density
obtained from soft X-ray measurements performed by Aschwanden & Acton (2001) and
those from some models are indicated. The density is highest in active regions where the
plasma is heated up by dynamical processes, and is lowest in coronal holes where the
magnetic field lines are open to interplanetary space. In coronal holes, the density de-
creases with the steepest gradient, while it decreases with the gentlest gradient in coronal
streamers where the magnetic field lines are tied into the photosphere.
There are several models giving the averaged variation in electron density with height
(e.g., Baumbach-Allen model; Allen 1947, Newkirk model; Newkirk 1967, Saito model;
Saito et al. 1977, and Leblanc model; Leblanc et al. 1998.) One of the most commonly
used ones is the Baumbach-Allen model, which is denoted as
ne(R) = 10
8
"
2:99

R
RS
 16
+ 1:55

R
RS
 6
+ 0:036

R
RS
 1:5#
[cm 3]; (1.1)
where R is the distance from the center of the sun and RS is the radius of the photosphere.
Three terms in Equation 1.1 represent the three components of the corona which was re-
vealed by white light observations during eclipses. The first term is for the K-corona,
the photospheric light scattered by electrons, which is dominant at the lower corona. The
second term is for the E- or L-corona, spectral line emission from highly ionized atoms,
which is dominant at slightly outer of K-corona. The last term is for F-corona, photo-
spheric light diffracted by interplanetary dust, which is dominant at outer corona. This
formula can be applied to estimate the electron density in different regions by replacing
the factor of 108 with some other factor adjusted to the region of interest.
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Figure 1.3 Compilation of electron density measurements in different regions of the
corona: coronal holes (upper left), quiet Sun (upper right), coronal streamers (lower
left), and in active regions (lower right) (from Aschwanden & Acton 2001).
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Magnetic Field Structure of the Corona
The corona is filled with magnetic fields, and dynamics and topology of all phenomena
in the corona are controlled by the magnetic field. It plays an important role in heat-
ing the corona to millions of degrees, and in causing erupting phenomena such as flares
and CMEs. Like the density structures, magnetic field structures are also or even more
inhomogeneous and complicated.
The origin of the magnetic field is the dynamo in the solar interior. The magnetic flux
generated by the dynamo emerges at the photosphere and then it is transported to the
height of the corona. Measurements of Zeeman splitting in spectral lines revealed that the
magnetic field on the photosphere is very inhomogeneous. It ranges from 5–10 G in the
quiet Sun regions as the weakest, to 2000–3000 G in the sunspot regions as the strongest.
On the other hand, direct measurements of the coronal magnetic field are still in their
infancy, and there are no reliable techniques for them. Nevertheless, there are several indi-
rect ways of estimating the coronal magnetic field. Figure 1.4 shows a compilation of the
coronal magnetic field measurements estimated using different sources of data (from Dulk
& Mclean 1978). It includes (A) in situ measurements, (B) the Zeeman effect in active
region proinences, (C) extrapolations from photospheric magnetic data, (D) microwave
radio bursts, (E) decimeter radio bursts, and (F) meterwave radio bursts including types I,
II, III, and IV. Based on these measurements, Dulk & Mclean (1978) derived an empirical
formula,
B(R) = 0:5

R
RS
  1
 1:5
[G]; (1.2)
which gives a good approximation over the range of 1:02 . R=RS . 10. However, as
with the electron density models, variation of the coronal condition can cause a difference
by some factors in the magnetic field strength. In recent years, the nonlinear force-free
field extrapolated from the photospheric magnetic field is often used to model the mag-
netic field in the active region corona (e.g., Inoue et al. 2014, 2015).
Coronal Loops
The existence of loop-like structures with their ends tied to the solar surface have been
known from old times, because they can be seen in optical light during eclipses (Figure
1.2). They are now understood as traces of the coronal magnetic field lines.
In the inner corona, the motion of the plasma is controlled by the magnetic field. This is
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Figure 1.4 Compilation of the magnetic field models as functions of the height in the
corona above active regions (from Dulk & Mclean 1978).
because the magnetic pressure is much stronger than the thermal pressure (in the corona).
The decisive parameter that determines the behavior of the plasma in the magnetic field
is the plasma- parameter, the ratio of the thermal pressure to the magnetic pressure.
When the plasma- is larger than unity, the thermal pressure is dominant and the plasma
can move easily across the magnetic field. On the other hand, when the plasma- is less
than unity, the magnetic pressure is dominant and the cross-field transport of the plasma
is inhibited. In the most part of the corona, the value of plasma- is less than unity,
meaning that the plasma structures along the field lines are stably maintained. Hence,
the complicated structures which are formed aligned with the magnetic field reflect the
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complexity of the magnetic field topology in the corona.
There are two kinds of magnetic field regions with different physical properties: open
field regions and closed field regions. In the open field regions where the magnetic field
lines are open to interplanetary space (such as coronal holes), the plasma is streaming
rapidly along the field lines as the fast solar wind. On the other hand, in the closed field
regions, the magnetic field contains plasma particles trapped in it at a high density. Active
regions lying above the sunspots show up as a highly complex collection of closed field
structures in the soft X-ray or EUV band, which are called coronal loops (Figure 1.5).
Figure 1.5 Coronal loops imaged with SDO/AIA at 171 A˚ (courtesy of NASA/SDO).
Highly resolved observations in the EUV band revealed that coronal loops consist of
bundles of thin strands. Each strand has a different physical properties in temperature,
flow speed, and density. These strands are closely related to the heating processes, natu-
rally implied from the fact that energy is transferred along the field lines from the chromo-
sphere to the corona due to the high thermal conductivity. To explain the nature of coronal
loops is to understand the origin of solar coronal heating. In the latest statistical study, the
minimum scale of its cross section was estimated as about 100 km, and the most frequent
value is about 500 km (Aschwanden et al. 2017). Summaries of other observations on the
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strand can be found in some textbooks (Ascwanden 2006, Priest 2014).
1.2 Radio Emission
1.2.1 Emission Mechanisms
Radio emission from the Sun covers all radio frequency ranges. It can be generated
several different mechanisms: incoherent mechanisms such as free-free emission, gy-
roresonance emission, and gyrosynchrotron emission, and coherent mechanisms such as
electron-cyclotron maser emission and plasma emission. Among them, radio waves ob-
servable from Earth’s ground is the emission in a range from the microwave to the low
frequency band (about 300 GHz to 30 kHz). The dominant emission mechanism changes
in different wavelength ranges. In the microwave range, incoherent mechanisms are dom-
inant, in which the emission is produced by accelerated electrons. Thermal electrons
produce a free-free emission, also called bremsstrahlung, through Coulomb collisions.
Gyroresonance and gyrosynchrotron emissions are generated through the gyromotion of
thermal and mildly relativistic electrons, respectively. In contrast, coherent mechanisms
prevail in the longer wavelength ranges. In the decimeter range, the kinetic instabilities in
a perpendicular direction such as loss-cone instability lead to a electron-cyclotron maser
emission. Finally, in the meter wave range, the most of the radio emissions are generated
by a plasma emission mechanism.
Figure 1.6 A flow diagram showing the stages of plasma emission for the case of
generation by electron beams (from Melrose 2009).
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Plasma emission may be widely defined as any emission process in which energy in
electrostatic turbulence is partly converted into energy in electromagnetic radiation. Fig-
ure 1.6 depicts the flow diagram of the radiation processes for the case of electron beam
origin. Generally, its radiation processes are divided into two stages:
1. Excitation of electrostatic waves
2. Mode conversion from electrostatic waves into electromagnetic waves
In the first stage, electrostatic waves are excited by some kinetic instabilities in electron
velocity distribution functions. In some cases, the instability which has anisotropy in a
parallel direction like beam instability is involved, and in other cases, the instability which
has anisotropy in a perpendicular direction like losscone instability is involved.
Then, the excited waves are converted into electromagnetic waves in the second stage.
The most effective mode conversion processes are the non-linear coalescence of plasma
waves and scattering of plasma waves by charged particles or non-linear interaction with
low frequency waves (Melrose 1980);
l + l! t; fp + fp  2fp; (1.3)
l + i! t; fp + flf  fp; (1.4)
where l is the excited electrostatic (longitudinal) waves at plasma frequency, t is the elec-
tromagnetic (transverse) waves which escape into free space, i is the low frequency waves
such as ion sound waves or whistler waves, fp is the plasma frequency and flf is the fre-
quency of the low frequency waves. The process given by Eq.1.4 results in the electro-
magnetic waves at the frequency near the local plasma frequency, so-called fundamental
emission, while the process given by Eq.1.3 leads to the electromagnetic emission at twice
the plasma frequency, which is called second harmonic emission. The plasma frequency
is expressed as a function of electron density:
fp =
1
2
s
e2ne
0me
' 8:98 103
p
ne [cm 3] [Hz] (1.5)
where e and me are the charge and mass of electron, respectively, and 0 is the permit-
tivity of vacuum. From this relation, we can estimate the height in the corona where the
emission originates using some density model against the coronal height.
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1.2.2 Solar Radio Bursts
In the meter wave range, a wide variety of radio emissions are observed. So-called solar
radio bursts are very intense, transient radio emissions associated with eruptive phenom-
ena like flares and CMEs. Metric solar radio bursts are classified into five different types
according to their variation in time and frequency on dynamic spectrum. The classifica-
tion is depicted schematically in Figure 1.7 and summarized as follows:
Type I bursts: Composed of two different emissions: a number of short-lived (. 1 s),
narrow-band (2–3 MHz) burst elements, and broader-band diffuse continuum. The typ-
ical duration is rather long, lasting for hours or days. They are usually observed in the
meter wave band. This type of burst is not necessarily related to flares, so also called as
noise storm.
Type II bursts: Radio emission with a slow frequency drift (0.1–0.5 MHz s 1) from high
to low frequency. They are observed associated with flares and CMEs, and thought to
be generated by electrons accelerated in the MHD shock propagating through the corona.
They often show the fundamental and the 2nd harmonic structures.
Type III bursts: The most frequently observed bursts in the meter wave band, which show
a rapid frequency drift ( 100 MHz s 1). Their rapid frequency drifts are explained by
beams of non-thermal electrons propagating outward along open field lines. Well corre-
lated with flares. Sometimes, they appear as an isolated burst, while sometimes in groups.
Type IV bursts: Broadband continuum emission observed over a wide frequency range
(decimeter to decameter wavelength). They are related to non-thermal electrons trapped in
closed magnetic loops such as post-flare loops and magnetic clouds of CMEs. The bursts
associated with post-flare loops are called stationary type IV bursts after their sources
without any shifts in position, while those associated with CMEs are called moving type
IV bursts with their moving sources (Figure 1.8).
Type V bursts: Broadband (meter to decameter wavelength) continuum following the type
III burst, lasting about a few minutes. Their origin is the same electrons as the type III
bursts, but from those trapped in large magnetic loops.
An example of observed dynamic spectrum is presented in Figure 1.9. Type III (20:19–
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Figure 1.7 A schematic of dynamic spectrum showing the classification of solar radio
bursts (courtesy of NICT).
Figure 1.8 A schematic model for the source of metric type IV bursts: (left) stationary
type IV bursts, and (right) moving type IV bursts (from Mclean & Labrum 1985).
20:23 UT in all frequency ranges), II (20:20–20:31 UT in the frequency range lower than
500 MHz), and IV bursts (from 20:23 UT to the end of the spectrum in the frequency range
of 300–2000 MHz) are observed in this event. In general, type III bursts is firstly observed
soon after the flare, then slowly drifting type II bursts follow, and finally broadband type
IV bursts loom up.
As already mentioned, type IV bursts are generally featureless broadband emission
(Figure 1.9). However, they are known to exhibit a rich variety of complex spectral fine
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Figure 1.9 Dynamic spectrum of typical solar radio bursts on 1997 July 25 observed
by HiRAS. Type II, III, and IV bursts can be clearly seen (courtesy of NICT).
structures in them. Such fine structures include broadband pulsations in emission and
absorption with various periods, spike bursts, narow-band patches, fiber bursts with peri-
odic narrow drifting bands, and zebra pattern of parallel drifting narrow emission bands.
Figure 1.10 displays an example of some spectral fine structures in the meter wavelength
range: zebra pattern, fiber bursts, and sudden reductions are shown from top to bottom.
These fine structures are often observed as superposition of several kinds of them, over-
lapped with each other, in a single type IV burst. The details of their observational charac-
teristics and theoretical interpretations are described by Chernov (2011). Since these fine
structures are thought to be caused by some inhomogeneities or modulations of wave gen-
eration and/or radio propagation processes, their spectral characteristics have significant
information on plasma parameters and plasma processes occurring in the corona.
1.3 Zebra Pattern
Zebra pattern (ZP) is a kind of spectral fine structures observed in type IV bursts. It
appears in a dynamic spectrum as a number of narrow-band parallel stripes of enhanced
emission. Since the first detection of ZP in 1950’s, they have been recorded for more than
50 years by many spectrographs in the world. They are observed in a wide wavelength
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Figure 1.10 Examples of spectral fine structures in type IV radio bursts observed with
the 60-channel Utrecht spectrograph. Shown are zebra pattern, fiber bursts, and broad-
band sudden reductions, from top to bottom (from Kuijpers 1980).
range: decameter, meter, decimeter, and recently identified in microwave range. Now, the
observational properties of ZPs are known rather well. However, in spite of a large number
of observational and theoretical studies devoted to explain this phenomena, its generation
mechanism has been still discussed. Here, we briefly describe the observational properties
and theoretical models of ZP. See the review by Chernov (2011) for more details.
1.3.1 Observational Properties of Zebra Pattern
The first observation of ZP was made by Elgarøy (1959, 1961). Since then, it has been
observed in a wide frequency range from decameter to microwave ranges. Their spectral
appearances differ from event to event and cover a wide range of plasma parameters. This
diversity in ZP’s characteristics may be one reason why the generation mechanism has
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been still controversial.
Some examples of the observed ZP spectrum are compiled in Figure 1.11: (A) A metric
ZP on 1992 February 17 (Chernov et al. 1998): numerous discontinuous frequency shifts
(top), stripe splitting, and dot-like structures within stripes were observed (bottom). (B) A
metric ZP on 1994 October 25 (Zlotnik et al. 2003): ZPs are overlapped with broadband
pulsations. (C) and (D) A microwave ZP on 2002 April 21 (Kuznetsov 2007, 2008):
superfine structures were identified for the first time. Short period pulsations with a period
of about 30 ms are clearly seen in the right panel of (D). (E) A decameter event on 2004
July 22 (Zlotnik et al. 2015): a ‘fingerprint’-like structure which has both of positive
and negative frequency drifts at a given time is interpreted by the same mechanism as ZP,
but in different conditions. (F) A metric ZP on 1998 August 17 (Zlotnik et al. 2009):
ZPs appear in fast drifting envelopes like type III bursts. (G) A microwave ZP on 2006
December 14 (Chen et al. 2011): the source of the ZP was spatially resolved for the first
time, and it was concluded to be explained by the double plasma resonance model. (H) A
microwave ZP on 2003 June 5 (Kuznetsov 2005): the emission was completely polarized
in the sense of the extraordinary mode, whereas many of ZPs are emitted in the ordinary
mode in general.
Although the observational characteristics are rather dispersive as above, the overall
characteristics of ZPs would be summarized as follows:
 The frequency coverage in which ZPs are observed ranges from 20–7000 MHz
(Slottje 1981, Chernov 2004, Altyntsev et al. 2005, Kuznetsov 2005).
 The lifetime of ZPs in different bursts varies from several seconds to several tens
of minutes (Slottje 1981, Chernov 2004, Huang et al. 2008, Bouratzis et al. 2015).
 The number of stripes varies from 3–50 and reaches 70 at the maximum (Kuijpers
1980, Slottje 1981, Yu et al. 2012, Tan et al. 2014b).
 The frequency separation usually increases with increasing frequency (3 MHz in
the meter wave range and 50 MHz in the microwave range), but sometimes equidis-
tant or varying irregularly (Kuijpers 1980, Slottje 1981, Huang et al. 2008, 2010,
Tan et al. 2014b, Bouratzis et al. 2015).
 The emission is strongly polarized in the sense of polarization corresponding to
the ordinary mode (20–100%), but sometimes in the extraordinary mode (Chernov
et al. 1975, Chernov & Zlobec 1995, Chen et al. 2011, Altyntsev et al. 2005).
 Stripes of ZPs often show wave-like oscillations with positive and negative fre-
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(A)
(B)
(C)
(D)
(E)
(F)
(G)
(H)
Figure 1.11 A rich variety of spectral appearance of ZPs: (A) 1992 Feb 17 event (Chernov et
al. 1998); (B) 1994 Oct 25 event (Zlotnik et al. 2003); (C) and (D) 2002 Apr 21 event (Kuznetsov
2007, 2008); (E) 2004 Jul 22 event (Zlotnik et al. 2015); (F) 1998 Aug 17 event (Zlotnik et al.
2009); (G) 2006 Dec 14 event (Chen et al. 2011); and (H) 2003 Jun 5 event (Kuznetsov 2005).
See text for more details.
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quency drifts (Slottje 1981, Chernov et al. 1998, Zlotnik et al. 2011, Yu et al.
2013)
1.3.2 Theoretical Models for Generating Zebra Pattern
Until now, more than ten models have been proposed to interpret the generation of ZP.
Most of the models are based on plasma emission mechanism, that is, they involve exci-
tation of electrostatic waves and their conversion into electromagnetic waves. Below, we
roughly divide all these models suggested in literature into four main groups, and intro-
duce their features.
Bernstein Wave Model: The first model to interpret ZPs is the Bertnstein wave (BW)
model (Rosenberg 1972, Chiuderi 1973, Kuznetsov 2005). This model assumes the non-
linear coupling of Bernstein waves and upper hybrid waves. In this model, several en-
hanced emission bands are generated at the harmonics of the local electron cyclotron
frequency, and their sources are localized in a small region in the coronal loop, as de-
picted in Figure 1.12. Accordingly, the frequency separation between adjacent stripes f
equals to just electron cyclotron frequency fc.
Whistler Wave Model: Another type of the model is based on the interaction of Langmuir
waves and whistler wave packets propagating across or along the loop (Whistler wave
(WW) model; Chernov 1976, 1990). This model predicts both enhanced emission in the
upper frequency side and absorption in the lower frequency side of a stripe. The main
point of this model is that each stripe of the ZP corresponds to one propagating whistler
wave packet that is generated periodically in the magnetic loop; as the result nearly con-
stant stripe structures of ZP can be generated. The frequency separation f is about twice
the whistler wave frequency 2fw, in this case.
Double Plasma Resonance Model: The double plasma resonance (DPR) model is the
most popular and developed model for the generation of ZPs. It was originally proposed
by Zheleznyakov & Zlotnik (1975a, 1975b) and has been improved by many authors (e.g,
Winglee & Dulk 1986, Yasnov & Karlicky 2003, Kuznetsov & Tsap 2007, Zlotnik 2013,
Bena´c˘ek et al. 2017, Yasnov et al. 2017). This model assumes enhanced excitation of
plasma waves at some resonance levels located at different heights along a magnetic flux
tube (left panel of Figure 1.13), and their subsequent mode conversion into electromag-
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netic waves. The DPR condition is satisfied at the levels where the upper hybrid frequency
fUH coincides with the harmonics of the electron cyclotron frequency fc:
fUH =
q
fp
2 + fc
2 = sfc; (1.6)
where s is a harmonic number. In the corona, where the plasma is inhomogeneous and
the characteristic scales of the magnetic field and the plasma density differ, the DPR lev-
els corresponding to different harmonic numbers are located at different heights (Figure
1.13). In this model, f is determined by the cyclotron frequency and the ratio between
the characteristic spatial scales of the plasma number density LN and the magnetic field
variations LB . Dots in the right two panels of Figure 1.13 show the DPR frequencies
when LN > LB (a) and LN < LB (b). In both cases, f increases with the frequency.
Propagation Model: In addition to these, there are some models based on the propagation
processes after the emission is generated from the source. Ledenev et al. (2006) sug-
gested that ZPs can be formed as an interference of direct and reflected rays from a small
source, which is also supported by Tan (2010). Alternatively, a periodic fine structure in
the corona can efficiently filter the continuum emission as an optical filter, giving rise to a
striped spectrum (Ba´rta & Karlicky´ 2006, Laptukhov & Chernov 2006, Yurovsky 2007).
For individual cases, some of these models may explain the observations without any
contradiction, but so far, there is no model which can explain all of the observed char-
acteristics. As an interpretation of the diverse characteristics of ZPs, Tan et al. (2014b)
suggested a possibility that ZPs with different spectral characteristics are generated by
different emission mechanisms. According to their classification, ZPs with a constant f
correspond to the BW model, those with irregularly varying f correspond to the WW
model, and those with f increasing with frequency correspond to the DPR model.
1.4 Purpose of This Thesis
Our interests in the corona are related to major issues in solar physics: coronal heat-
ing and solar eruptions. In order to understand these phenomena, thorough observations
of the corona from every aspect are indispensable. As a matter of fact, our knowledge
about the corona has been greatly improved owing to the development of the observa-
tional techniques. Recent space-borne instruments in optical, EUV, and X-ray bands such
as HINODE, STEREO, SDO, and IRIS provide us beautiful images of the corona with
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Figure 1.12 A schematic of a point source localized in the magnetic loop, which is
probable for the generation of ZP in the Bernstein wave model (Zheleznyakov & Zlot-
nik 1975a).
Figure 1.13 DPR levels in the coronal magnetic loop: (left) a schematic of the ZP
source (from Zlotnik 2013), (middle and right) DPR frequencies as a function of hight
(from Zlotnik et al. 2015).
excellent high spatial resolutions. However, the temporal resolutions of such space-borne
instruments are relatively low, in an order of ten seconds. In contrast, ground-based radio
observations have much higher temporal resolutions of typically less than one second,
although they lack spatial resolutions. Particularly, spectral fine structures in type IV so-
lar radio bursts have rich information on micro-scale physical processes occurring in the
corona. Zebra pattern (ZP) is one of the most intriguing fine structures consisting of nu-
merous, nearly parallel, narrow-band stripes on the dynamic spectrum. ZP has long been
studied for more than 50 years as it can be used to diagnose the coronal parameters that
are difficult to measure directly. Nevertheless, there are still many unexplained properties
of ZPs:
 What conditions are relevant to the occurrence of ZPs?
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 How is the strong polarization of ZPs generated?
 What causes the wavy oscillations in ZP stripes?
This thesis is devoted to answer these questions and to reveal the features of the corona
underlying the radio spectrum of ZPs. For this aim, we performed comprehensive analy-
ses of ZPs with the use of highly resolved spectral data obtained with AMATERAS.
In Chapter 2, firstly, we survey occurrence characteristics of type IV bursts and ZPs
in association with flares. As already mentioned, ZPs are observed superimposed on the
continuum emission of type IV bursts. Nevertheless, several statistical studies showed that
not all type IV bursts are accompanied by ZPs and observational characteristics of ZPs
differ widely from event to event (Huang et al. 2008, 2010, Tan et al. 2014b, Bouratzis et
al. 2015). It is highly probable that there are some conditions in the corona under which
ZPs can be observed. We discuss possible conditions for generating ZPs by comparing
the occurrence characteristics of type IV bursts with and without ZPs.
In Chapter 3, polarization characteristics of a ZP event and their frequency dependence
are investigated. Polarization has a significant information in determining the generation
mechanism of the emission. Despite a large number of observations which include ZPs
in the spectrum, polarization characteristics have been insufficiently revealed. For ex-
ample, most of available polarization data are observed at some fixed frequencies with
narrow bandwidth (Chernov et al. 1975, Chernov & Zlobec 1995). In contrast to these
observations, AMATERAS observes both right-handed and left-handed circularly polar-
ized components with high time and frequency resolutions. We present the results from
the detailed analysis of polarization data from AMATERAS, and discuss the results in
terms of depolarization after the generation of ZP.
In response to Chapter 3, we further investigate polarization characteristics and depo-
larization processes in Chapter 4. To explain the strong polarization of ZPs, some depolar-
ization processes which reduces the degree of circular polarization (DCP) to some extent
should occur during the propagation in the corona (Zlotnik et al. 2014). However, where
and how the depolarization occur have not been fully understood. Hence, we statistically
investigate the relationship between the DCP and the temporal delay in arrival time of two
circularly polarized components. We present the results indicating the some characteristic
relationship and suggest a model of depolarization which explains the results.
In Chapter 5, quasi-periodic modulation of a ZP is investigated. Recent high resolution
imaging observations revealed that Magnetohydrodynamic (MHD) waves and oscillations
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are ubiquitous in the corona. These waves have been intensively investigated in the con-
text of the coronal heating and the coronal seismology. In the radio wave band, signatures
of standing waves was found in the wiggles of microwave ZP (Yu et al. 2013). However,
observational counterparts of propagating waves have not been reported. Searching for
such waves, we investigate spectro-temporal variation in the frequency separation of a ZP.
Then we show that the modulation in the frequency separation of the ZP could be caused
by propagating fast sausage mode waves.
Finally, summaries of the present studies and suggestions for future works are described
in Chapter 6.
Chapter 2
Type IV Bursts and Zebra
Patterns Observed with
AMATERAS
Throughout this thesis, we used radio spectrum data obtained with the Assembly
of Metric-band Aperture TElescope and Real-time Analysis System (AMATERAS), a
spectro-polarimeter developed by Tohoku University. AMATERAS observes solar radio
emissions in the frequency range of 100–500 MHz with both right-handed and left-
handed circularly polarized components, simultaneously. The temporal and frequency
resolutions of this instrument are 10 ms and 61kHz, respectively. From the database of
AMATERAS, we found 21 type IV burst events accompanied by clear zebra patterns
(ZPs) out of 54 type IV bursts. The high specifications of this instrument enabled us
detailed analysis of the spectral and polarization characteristics of the ZPs, which will be
presented in the following chapters (Chapter 3, 4, and 5). Before describing the details of
our results, we will introduce the specifications of AMATERAS and give an overview of
the occurrence characteristics of type IV bursts and ZPs observed with this instrument.
2.1 Introduction
Solar flares are the most catastrophic phenomenon in the solar system. The flare is
defined as a sudden brightening at all wavelength range of electromagnetic waves from
radio waves to gamma-rays (Benz 2017). The different manifestations in different wave-
length indicate that flares include a wide range of phenomenon at different height in the
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solar atmosphere. Nevertheless, the main energy release process of the flare seems to take
place in the corona above the active region. Radio emissions in the metric wavelength as-
sociated with solar flares have the original information on flaring energy release processes
occurring in the corona, such as particle acceleration, shock formation and propagation,
magnetohydrodynamic waves, and other non-thermal processes and also the evolution of
thermal components. Particularly, spectral fine structures in type IV radio bursts offer a
unique diagnostic tool to understand those phenomenon in the closed magnetic structures
like post-flare loops.
Zebra pattern (ZP) is one of the most intriguing fine structures observed in type IV
bursts. Their appearance in dynamic spectra can be recognized as several narrowband
stripes of enhanced intensity superimposed on the broadband continuum emission of type
IV bursts. Since the first detection in the late 1950s (Elgarøy 1959, 1961), more than
ten theoretical models for interpreting this phenomena have been proposed (Rosenberg
1972, Chiuderi 1973, Kuijpers 1975, Zheleznyakov & Zlotnik 1975a, 1975b, Chernov
1976, Winglee & Dulk 1986, Chernov 1990, Kuznetsov 2005, Barta & Karlicky 2006,
Ledenev et al. 2006, Kuznetsov & Tsap 2007). According to a comprehensive statistical
analysis performed by Tan et al. (2014b), microwave ZPs can be classified into three
types and different types are generated by different mechanisms. However, in spite of a
large number of studies aimed to understand this phenomena, the formation mechanism
of ZPs has been still controversial. It seems that a variety of observational characteristics
of ZPs makes it difficult to explain the overall aspects of them with one model (a detailed
description of the observations of ZPs is presented by Chernov (2011)).
To address the exact formation mechanism of ZPs, understanding the relationship with
associated flares is inevitable. From a statistical point of view, a temporal association
between the energy release episodes and ZPs has been indicated (Huang et al. 2008, 2010,
Bouratzis et al. 2015). Tan et al. (2014a) reported the time correspondence between a
strong microwave ZP and a EUV flash occurring at beginning of the flare, and suggested
the ZP is associated with a rapid particle acceleration and a fast plasma heating in a small
region with a short duration. However, what condition controls the generation of ZPs and
their characteristics has not become clear.
Here, we examined the occurrence characteristics of type IV bursts and ZPs in asso-
ciation with flares by comparing the characteristics of the events with and without ZPs.
Further, we discuss the conditions for generating ZPs based on the statistical character-
istics of them. In Section 2.2, we describe the details of instruments used throughout
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this thesis. Statistical analysis of type IV bursts and ZPs observed with AMATERAS fo-
cusing on their relation to the associated flares are described in Section 2.3. Finally, the
summaries and discussions on the conditions for generating ZPs are presented in Section
2.4.
2.2 IPRT/AMATERAS
Iitate Planetary Radio Telescope (IPRT) is a ground-based radio telescope located at the
Iitate observatory in Fukushima, Japan (Iitate village, Fukushima prefecture, Japan; 37d
42m N, 140d 41m E), which was developed by Tohoku University in 2000. The original
targets of this telescope are radio emissions from planets in the solar system, particularly
those from Jupiter. Figure 2.1 shows the panoramic view of IPRT. In order to detect
faint radio emissions from planets, IPRT has a unique shaped antenna. The antenna is
composed of a pair of same-shaped rectangular offset parabolic sections. Each parabolic
section has the physical aperture area of 511.5 m2 (16.5 m 31 m), and the total physical
aperture area of this telescope is 1023 m2. The beam width of IPRT is 1:6  1:7 at 325
MHz, which is suitable for monitoring metric solar radio bursts.
Figure 2.1 Overview of IPRT. The aperture size is 33 m (azimuth)  31 m (altitude).
26 CHAPTER 2.
Using this telescope, Iwai et al. (2012) developed a meter wave range solar radio
observation system named the Assembly of Metric-band Aperture TElescope and
Real-time Analysis System (AMATERAS). Figure 2.2 shows the block diagram of
IPRT/AMATERAS. In the front-end receiver, the received signals are amplified by
approximately 40 dB in the preamplifiers. Then a hybrid circuit separates these signals
into the right-handed and left-handed circularly polarized components (RCP and LCP).
In the back-end receiver, signals with frequency lower than 100 MHz and higher than
500 MHz are removed by high-pass and low-pass filters, respectively. Then the LCP
signal (100–500 MHz) is mixed with the signal from a local oscillator (1050 MHz) and
up-converted to a higher frequency range (950–550 MHz). This process is performed to
measure the LCP and the RCP simultaneously in one frequency analyzer which has only
one channel. Then the up-converted LCP signal of 550–950 MHz and the RCP signal of
100–500 MHz are synthesized within a frequency range of 1 GHz, the Nyquist frequency
of the A/D converter whose sampling frequency is 2 GHz. At last the signals are A/D
converted and the power spectrum is derived by FFT. As the frequency analyzer has 214
(16,384) frequency channels, the frequency resolution of this system is approximately 61
kHz. A spectrum of the signals is obtained every 16,384 s and accumulated every 10
ms. The dynamic range of output spectra is approximately 60 dB.
The specifications of AMATERAS are summarized in Table 2.1. AMATERAS ob-
serves radio emissions in the frequency range of 100–500 MHz, with the temporal res-
olution of 10 ms and the frequency resolution of 61 kHz. The minimum detectable flux
is less than 0.7 SFU (Solar Flux Unit) for the integration time of 10 ms. In addition, the
both of two circularly polarized components, RCP and LCP, are observed simultaneously.
The combination of the large aperture of IPRT and high-speed digital receiver realized the
observations of the metric solar radio emissions with high time and frequency resolutions
and high sensitivity. This high frequency resolution, wide dynamic range and relatively
thin directivity of the antenna enable us to observe natural radio waves against artificial
radio frequency interference (RFI). Such high specifications of IPRT/AMATERAS are
suitable for detection of fine spectral structures in solar radio bursts (e.g Iwai et al. 2013,
2014, Katoh et al. 2014, Sato 2014, Kashiwagi 2016).
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Figure 2.2 Block diagram of IPRT/AMATERAS from Iwai et al. (2012).
Table 2.1 Specifications of AMATERAS.
Parameter
Frequency range 100–500 MHz
Frequency channels 16384
Frequency resolution 61 kHz
Time resolution 10 ms
The minimum detectable flux < 0.7 SFU
Polarization RCP and LCP
2.3 Statistical Analysis
2.3.1 Data Set
Metric solar radio bursts with a wide variety of spectral fine structures have been ob-
served with AMATERAS since its regular operation started in September 2010. Now, we
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have daily observation data for about seven years, covering the maximum phase of the
solar cycle 24 (observations have not been made from October 2011 to April 2013 due
the antenna failure). We surveyed all of the available data and retrieved 54 type IV burst
events from the database of AMATERAS. ZPs were recognized in 21 events among them
and were not found in the remaining 33 events. All the events are listed in Table 2.2 with
their general characteristics. The information on the relating flares was obtained from the
Hinode Flare Catalog (Watanabe et al. 2012).
2.3.2 Occurrence Characteristics of Type IV Bursts with and with-
out Zebra Patterns
In order to investigate the relationship between the occurrence of ZPs and the flaring
processes, we performed statistical analysis using the type IV burst events listed in Table
2.2. In the analysis, we focused on the following parameters of the bursts and associated
flares that are possibly related to the radiation processes of type IV bursts and associated
ZPs:
 Temporal relation to the flare
 Duration of the flare
 Magnitude of the flare
 Location of the flare
As mentioned above, ZPs were observed in 21 events (39%) out of 54 type IV events.
Here, we divided all of them into two groups: a group in which ZPs have been detected
and the other group in which ZPs have not been detected, and compared their occurrence
characteristics. Figure 2.3 shows the histograms of the above mentioned characteristics
of type IV bursts and associated flares with and without ZPs. Top panels are the cases
for all type IV events, middle panels are those for the events with ZPs, and bottom panels
are those for the events without ZPs. In addition, we applied the method of kernel den-
sity estimation to estimate the probability density underlying the set of discrete sample
values; the estimated probability density functions (PDFs) are plotted by red lines on the
histograms.
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Table 2.2 Table Characteristics of type IV bursts with and without ZPs and associated flares
Date Radio (UT) Class Source Flare (UT) Dflare ZP
tRst tRed Location tFst tFp tFed (minutes) presence
2011 Jun 02 06:30 07:00 C1.4 S26E12 06:30 06:31 06:36 6 O
2011 Jun 07 06:25 06:55 M2.5 S22W53 06:16 06:30 06:41 25 –
2011 Jun 21 02:50 04:30 C7.7 N14W09 01:22 03:25 04:27 185 O
2011 Aug 02 05:50 07:20 M1.4 N17W12 05:19 06:19 06:48 89 O
2011 Aug 04 03:50 04:50 M9.3 N16W38 03:41 03:45 03:57 16 –
2011 Sep 06 01:40 02:30 M5.3 N12W07 01:35 01:50 02:05 30 –
2011 Sep 06 02:50 05:10 C3.0 N21W88 03:29 03:45 04:19 50 –
2011 Sep 06 22:00 02:30 X2.1 N14W18 22:12 22:20 22:24 12 O
2013 May 15 01:20 01:50 X1.2 N12E64 01:24 01:40 02:30 66 O
2013 Jul 15 03:15 03:40 C3.0 S13E19 03:11 03:44 04:08 57 –
2013 Aug 30 02:10 03:00 C8.3 N15E46 02:04 02:46 04:06 122 –
2013 Oct 25 02:50 03:50 M2.9 S07E76 02:48 03:02 03:12 24 –
2013 Nov 11 00:45 00:50 C7.8 S13W24 00:43 00:48 00:51 8 O
2014 Jan 08 03:45 03:55 M3.6 N11W81 03:39 03:47 03:54 15 –
2014 Feb 11 03:25 03:30 M1.7 S12E17 03:14 03:33 04:00 46 O
2014 Feb 12 04:20 05:30 M3.7 S12W02 03:52 04:25 04:38 46 O
2014 Feb 15 01:40 02:05 C2.1 S08W45 01:36 02:03 02:13 37 –
2014 Apr 03 04:20 04:25 C5.5 N10E50 04:04 04:14 04:26 22 O
2014 Apr 25 00:20 00:45 X1.3 S14W89 00:17 00:27 00:38 21 –
2014 May 18 02:35 02:40 C1.2 N12E05 02:33 02:39 02:45 12 O
2014 May 21 01:50 04:00 C2.3 S12E64 00:59 01:38 02:06 67 –
2014 Jun 11 07:20 07:35 C2.8 S13W35 07:08 07:12 07:20 12 –
2014 Jun 12 21:40 23:00 M3.1 S20W55 21:34 22:16 22:52 78 O
2014 Jun 18 06:05 06:10 C2.2 S09E46 06:04 06:14 06:26 22 –
2014 Sep 14 02:40 06:00 M1.5 S13W49 02:03 02:16 02:36 33 –
2014 Sep 23 23:05 00:30 M2.3 S13E33 23:01 23:09 00:10 69 –
2014 Sep 28 02:45 04:40 M5.1 S13W23 02:39 03:19 03:58 79 –
2014 Nov 06 01:40 01:45 M3.2 N15E58 01:29 01:39 01:54 25 –
2014 Nov 06 03:40 04:30 M5.4 N17E58 03:29 03:50 05:12 103 O
2014 Nov 07 03:15 03:20 M2.7 N17E50 02:01 02:44 05:51 230 O
2014 Nov 07 04:10 04:25 M2.0 N17E50 04:12 04:25 04:38 26 O
2014 Nov 29 01:30 04:00 C4.2 S20E34 01:44 01:58 03:21 97 –
2015 Feb 09 23:20 00:40 M2.4 N12E61 22:59 23:35 00:14 75 O
2015 Mar 03 01:30 01:35 M8.2 N21W87 01:25 01:35 01:42 17 –
2015 Mar 09 23:40 00:40 M5.8 S18E45 23:29 23:53 00:12 43 O
2015 Mar 15 01:10 05:00 C9.1 S22W25 01:15 02:13 03:20 125 –
2015 Jun 22 21:35 21:50 B3.3 N06E77 21:13 21:24 21:34 21 –
2015 Aug 22 06:45 07:45 M1.2 S15E13 06:39 06:49 06:59 20 O
2015 Sep 17 23:00 23:05 C3.9 S19W15 22:56 23:00 23:05 9 –
2015 Sep 18 04:00 07:00 C2.6 S21W10 04:22 06:31 07:20 178 O
2015 Sep 21 03:55 04:15 C1.5 N08E78 03:54 04:00 04:05 11 –
2015 Sep 21 05:15 05:35 C8.8 N08E79 05:11 05:18 05:22 11 –
2015 Nov 04 03:20 03:30 M1.9 N15W64 03:20 03:26 03:29 9 –
2015 Dec 02 04:30 04:55 C2.2 N10W53 04:25 04:46 05:04 39 O
2015 Dec 23 00:30 01:10 M4.7 S22E63 00:23 00:40 00:52 29 O
2016 Feb 14 04:00 04:10 C3.4 N12W37 04:27 04:39 04:52 25 –
2016 May 09 23:35 23:40 B8.1 S06E01 23:33 23:43 23:53 20 –
2016 Jul 19 00:15 00:20 C1.0 N07W18 00:13 00:22 00:34 21 –
2016 Jul 20 01:20 01:50 C1.3 N07W32 01:20 01:27 01:42 22 –
2016 Jul 20 22:00 03:00 C4.6 N05W41 22:03 22:17 22:54 51 O
2016 Jul 21 22:50 23:00 C3.6 N07W55 22:34 22:46 22:58 24 –
2016 Jul 23 01:50 03:30 M5.0 N05W73 01:46 02:11 02:23 37 –
2016 Jul 23 05:05 05:20 M7.6 N05W73 05:00 05:16 05:24 24 –
2016 Jul 23 05:20 05:35 M5.5 N02W74 05:09 05:31 06:33 84 –
Note. Columns are the start and end time of the type IV bursts (tRst and tRed), the GOES soft X-ray class, location of the flare, the start, peak,
and end time of the flare (tFst, tFp, and tFed), Duration of the flare Dflare, and the presence of ZPs.
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The first column shows the timing of the occurrence of type IV bursts with respect to
the associated flare. The time axis is defined as tIV   tFp where tIV is the central time
of the type IV bursts tIV = (tRed + tRst)=2. The bin sizes are set to 10 minutes. The
median values of the distributions are 9, 7, and 14 minutes for all events, events without
ZPs, and events with ZPs, respectively. We can see that the shapes of the PDFs of all
type IV events and that of the events without ZPs are almost identical. They take their
maximum at around the peak time of the associated flare and then decrease as the flare
decays more slowly than when they increase. Actually, the half width at half maximum
(HWHM) of these two profiles are 13 and 12 on the left side of their maximum and those
on the right side are 15 and 14 minutes, respectively. The PDF of the events with ZPs also
has a similar shape to those of the other two cases, but its volume in the decay phase of
the flare is larger than the others. Its HWHM are 10 minutes on the left and 16 minutes on
the right side. That is, the type IV bursts accompanied by ZPs are more probable to occur
in the decay phase of the flare rather than rising phase, compared to those without ZPs.
The panels in second column shows the histograms of the duration of the flare associ-
ated with type IV bursts. The duration of the flare is defined by tFst{tFed, and the bin
sizes are 10 minutes. The distributions of all type IV events, events without ZPs, and
those with ZPs have median values of 29, 24, and 46 minutes, respectively. As in the
case of the occurrence timing, the trend of PDFs for all type IV events and that for events
without ZPs are almost the same. The PDF of the events without ZPs takes its maximum
at around 20 minutes and has the full width at half maximum (FWHM) of about 40 min-
utes. In contrast, that of the events with ZPs takes its maximum at longer duration and
has a wider distribution: their maximum is at around 40 minutes and the FWHM of the
distribution is about 100 minutes. It is probable that the type IV bursts accompanied by
ZPs tend to be associated with longer duration events.
Histograms of the flare magnitude and their PDFs are shown in the third column. The
horizontal axis is the logarithm of the SXR flux: GOES B, C, M, and X classes correspond
to the ranges from  7 to  6,  6 to  5,  5 to  4, and larger than  4, respectively. The
bin sizes of these histograms are 0.25. Their median values are  4:85,  5:06, and  4:77
from the top to the bottom, which correspond to the GOES class M1.4, C8.7, and M1.7,
respectively. As shown in the top panel, the PDF of the all type IV events seems to be
double-peak shaped with peaks around  4:4 and  5:6, corresponding to M4.0 and C2.5
class, respectively. The PDF of the events without ZPs is similar to that of all events as
with the two panels in the first and second columns which were described above. As for
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the events with ZPs, the shape of the PDF seems to be single-peaked in contrast to the
others. It takes its maximum at around 4:7, corresponding to M2.0 class. The difference
in the PDFs of events with ZPs and without ZPs i.e., single peak and double peak, are
possibly related to the difference in the origins of the type IV bursts, which is discussed
later. All type IV bursts were associated with SXR flares with their magnitude larger than
B-class.
Shown in the last column is the longitudinal dependence of the occurrence of flares ac-
companied by type IV bursts. Events on the eastern hemisphere and those on the western
hemisphere are summed up and plotted altogether. The bin sizes of histograms are 10.
From the top panel of these figures, we can see that sources of type IV bursts are widely
distributed on the whole. The trend of events without ZPs are not so different from that of
all type IV events, whereas the events with ZPs show some bias in their source locations.
Sources of type IV bursts accompanied by ZPs are concentrated on the longitude of 0–
30 and 40–70, and there are no events near the limb. The heliographic coordinates
of the flares accompanied by type IV bursts are illustrated in Figure 2.4. Each event is
plotted by a cross mark for all type IV events (left), events without ZPs (center), and with
ZPs (right). The sources seem to be distributed evenly on the both of eastern and western
hemisphere for all three groups. In this analysis, we did not consider the east-west depen-
dence to increase the number of samples although the possibility of east-west asymmetry
of the source distribution cannot be excluded.
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Figure 2.4 Location of the flares associated with type IV bursts plotted on the solar
disk. All type IV burst events (left), type IV events in which ZPs have not been detected
(center), and type IV events in which ZPs have been detected (right) are plotted by a
cross mark.
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2.3.3 Difference in Spectral Characteristics of Zebra Patterns
The spectral characteristics of ZPs are known to cover a wide range of the parame-
ters including occurrence frequency ranges, duration, frequency separation, and so on
(Chernov 2011). Tan et al. (2014b) suggested that the microwave ZPs can be classified
into three groups according to the variation of frequency separation between the adjacent
stripes (f ) with respect to the emission frequency. For further investigation, we applied
their classification to the metric ZPs and compared the characteristics of type IV bursts
and flares associated with them. According to Tan et al. (2014b), the three types of ZPs
are:
1. Equidistant ZP (EZP): ZP with its f being approximately a constant, which cor-
responds to the Bernstein wave model.
2. Variable-distant ZP (VZP): ZP with its f varying in a wide range irregularly,
which corresponds to the whistler wave model.
3. Growing-distant ZP (GZP): ZP with its f increasing continuously with an in-
crease in emission frequency, which corresponds to the double plasma resonance
model.
We classified all the ZP events observed with AMATERAS into these three groups. As a
result, we found 4 EZPs, 9 VZPs, and 16 GZPs. The dates of the events and the classifica-
tions of the ZPs found in the events are summarized in Table 2.3. It should be noted that a
ZP is recognized as an isolated event when it is well separated from the other events with
the aspect of the time longer than its own duration and with the aspect of the frequency
larger than its own width. As shown in Table 2.3, some type IV bursts exhibit several dif-
ferent types of ZPs in them (events on 2014 June 12, 2015 March 9, and 2015 September
18). Consequently, the number of the ZP events increased to 29, while the number of the
type IV events in which ZPs were found is 21. The ratio of the number of events (4 : 9
: 16 corresponding to EZP : VZP : GZP) is slightly different from that in the microwave
case (51 : 39 : 57; Tan et al. 2014b), except the majority of GZPs. Typical events of the
three types of ZPs are shown in Figure 2.5. The columns are EZP, VZP, and GZP from
the left to the right. The figure shows the dynamic spectra on the top (a1, a2, and a3), the
frequency spectra at the time shown by the yellow line in the middle panels (b1, b2, and
b3), and the variation of f (c1, c2, and c3) and f=f in the bottom panels (d1, d2, and
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d3).
Table 2.3 Classification of ZPs according to Tan et al. (2014b)
Date Classification
2011 Jun 02 GZP
2011 Jun 21 GZP
2011 Aug 02 GZP
2011 Sep 06 GZP
2013 May 15 VZP
2013 Nov 11 VZP
2014 Feb 11 VZP
2014 Feb 12 EZP
2014 Apr 03 EZP
2014 May 18 GZP
2014 Jun 12 EZP, GZP
2014 Nov 06 EZP
2014 Nov 07 GZP
2014 Nov 07 GZP
2015 Feb 09 GZP
2015 Mar 09 VZP, GZP
2015 Aug 22 VZP
2015 Sep 18 VZP, GZP
2015 Dec 02 GZP
2015 Dec 23 VZP
2016 Jul 20 GZP
Note. EZP: Equidistant ZP, whose frequency separation
(f ) is approximately constant. GZP: Growing-distant
ZP, whose f increases with increasing frequency. VZP:
Variable-distant ZP, whose f varies irregularly increas-
ing or decreasing.
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Figure 2.7 Location of the flares associated with ZPs plotted on the solar disk. The
different marks indicate different types of ZPs: EZPs (diamonds), VZPs (triangles),
and GZPs (crosses).
Based on this classification, we investigated the relation between the spectral charac-
teristics of ZPs and the characteristics of the flares associated with them. The focus was
put on the same characteristics as those analyzed in the previous subsection: temporal
relation, duration, magnitude, and location. Their histograms (black lines) and PDFs es-
timated by the kernel density estimation (red lines) are shown in Figure 2.6. The columns
are the same as Figure 2.3, the panels on the top row show the distributions of all ZP
events, the second row is those of the EZPs, the third row is those of the VZPs, and the
bottom is those of the GZPs. The heliographic coordinates of each ZP event are also
shown in Figure 2.7. In regard to the events analyzed in this study, the characteristics of
the flares are distributed over a wide range of the parameters. Moreover, the shape of the
PDFs for different types of ZPs are similar to each other. Thus, it is difficult to evaluate
whether the occurrence characteristics of different types of ZPs are different or not from
these results.
2.4 Brief Summary and Discussion
In this chapter, we presented the observations of type IV bursts and ZPs with AM-
ATERAS. In the former part, the details of the observation system of AMATERAS are
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described. AMATERAS is a radio spectro-polarimeter developed by Tohoku University,
which has temporal resolution of 10 ms and frequency resolution of 61 kHz in the fre-
quency range of 100–500 MHz, and observes both right-handed and left-handed circu-
larly polarized components simultaneously with its minimum detectable flux less than 0.7
SFU. Various kinds of metric solar radio bursts have been detected with this instrument
since 2010. We surveyed the database of AMATERAS and found 54 type IV burst events.
Among them, 21 events are accompanied by ZPs.
The latter part was devoted to investigation of the conditions for generating ZPs focus-
ing on their relation to the flare activities. By comparing the occurrence characteristics of
type IV bursts with and without ZPs, we found the following results:
1. Temporal relation to the flare: In general, type IV bursts are likely to occur at
around the peak time of the SXR flare. On the other hand, those accompanied
by ZPs are more probable to occur in the decay phase of the flare rather than the
impulsive phase.
2. Duration of the flare: The most frequent duration of flares associated with type IV
bursts without ZPs is about 25 minutes, while that with ZPs is about 45 minutes,
longer than that without ZPs.
3. Magnitude of the flare: The PDF of the flare magnitude for type IV bursts without
ZPs seems to have double peaks at around the magnitudes corresponding to C2.5
and M4.0 classes. In contrast, that with ZPs has a single peak at the magnitude
corresponding to M2.0 class.
4. Source location of the flare: The occurrence of type IV bursts with ZPs are con-
centrated on the low and mid longitude around 0–30 and 40–70, and there
were no events around the limb.
The occurrence of type IV bursts near the peak time of flares implies a possible link
between the background thermal components and the generation of type IV bursts. The
trend of rapid increase and gradual decrease in the occurrence probability of type IV
bursts mostly corresponds to the typical time evolution of SXR light curves during flares.
It is well known that SXR is emitted by thermalized plasma with the temperature 10–20
million degrees for general flares. Hence, the correspondence between SXR and the oc-
currence of type IV bursts indicates that the plasmas in their sources have been heated
enough to emit SXR under the condition where the type IV bursts are generated. Con-
versely, the hot background plasma may be a suitable condition for generating ZPs. This
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result suggests the possibility that the generation of ZPs is controlled by the background
thermal components in the associated magnetic loop. In fact, effects of background tem-
perature on the frequency of the ZP stripes is suggested by a numerical simulation though
the effect on the generation is not discussed (Bena´c˘ek et al. 2017).
The tendency that the type IV bursts with ZPs are associated with longer duration flares
also suggests the relevance of ZPs to the thermal components. This is simply because
long-duration flares show thermal properties: energy release processes occur continu-
ously at higher altitude in the corona in extended magnetic loop structures, and acceler-
ate particles more gradually compared to impulsive flares (Tsuneta et al. 1992, Tsuneta
1996). The association of long-duration flares and metric type IV bursts may be natural
considering that the frequency range corresponds to high altitude in the corona and large
magnetic loops are relevant. However, our result shows that the flares with ZPs are longer
than those without ZPs in the same frequency range, indicating the peculiarity of ZPs. It
may be ongoing gradual particle acceleration of long-duration flares that is favorable for
generating ZPs. This hypothesis could be clarified by detailed investigation of hard X-ray
spectra in association with ZPs.
Another difference in occurrence characteristics of type IV bursts with and without ZPs
is their occurrence probability for different magnitude of flares. The distribution of events
without ZPs shows a characteristic double-peak shape, in contrast to that with ZPs. The
double-peak shape could be attributed to the different origins of type IV bursts: stationary
type IV bursts and moving type IV bursts. Stationary type IV bursts have their origins at
the magnetic loops connected to the solar surface like post-flare loops, whereas moving
ones originate from the closed magnetic structures in the ejected plasmoid; i.e., coronal
mass ejections (CMEs). In the case of stationary ones, the magnetic energy released by
flares are converted to thermal energy and emitted in the form of SXR. On the other hand,
most of the energy released by CMEs are converted to kinetic energy of erupted plasmoid
and not prominent in SXR (Webb & Howard 2012). Considering these facts, it is probable
that a peak with larger magnitude corresponds to stationary type IV bursts and the other
peak with smaller magnitude corresponds to moving ones. Turning the discussion to the
events with ZPs, their occurrence probability takes their maximum at the magnitude close
to that of the larger peak in the events without ZPs. Thus, the type IV bursts with ZPs are
more probable to be stationary ones. This implies that ZPs are the phenomenon generated
in the closed magnetic structures with their foot points connected to the solar surface,
rather than in the magnetic clouds of CMEs. Unfortunately, it is difficult to determine the
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origin of type IV bursts, stationary or moving, without spatial information of the radio
source. To clarify this difference, classification of the two kinds of type IV bursts is
necessary to be confirmed with spatially resolved radio observations.
There are several possible explanations for the biased longitudinal distribution of the
sources in some restricted ranges of the longitude. As one example, the sources of ZPs
may be localized in a magnetic loop and have directivity in several different angles. As an-
other interpretation, the beams of ZPs may be localized in one direction and their sources
may be located in different positions in a loop. The interpretation by several different gen-
eration mechanisms with different directivity is also possible. In any case, directivity of
type IV bursts plays an important role in explaining this result. However, the examination
of these hypotheses requires complicated numerical calculations including the velocity
distribution of accelerated particles, growth of electrostatic waves, conversion into elec-
tromagnetic waves, and so on, which would be investigated in future works.
Furthermore, we also investigated how the occurrence characteristics of ZPs vary de-
pending on the difference in the spectral characteristics. We classified the ZPs into three
types based on the variation of frequency separation between the adjacent stripes with
respect to emission frequency, as suggested by Tan et al. (2014b). Then, the occurrence
characteristics of each type are compared in the same way as the case of type IV bursts.
We found that their characteristics are widely distributed for all three types. However,
it is not clear whether there are any differences in the occurrence characteristics of each
type or not because of the smallness of the samples. Nevertheless, a rich variety of their
spectral appearance, as shown in Figure 2.5, is probably related to the diversity of their
generation mechanisms. Classification by other indicators might be valid for ZPs in the
metric range, for example, the spectral shape of the stripes: in the DPR model and BW
model, stripes appear as enhancements only (Zheleznyakov & Zlotnik 1975a, 1975b),
whereas WW model predict both enhancements and absorptions (Chernov 1976, 1990),
which may result in different spectral shapes.
Chapter 3
Polarization Characteristics of
Zebra Pattern. I. Frequency
Dependence
In this chapter, we investigated the polarization characteristics of a zebra pattern (ZP) in
a type-IV solar radio burst observed with AMATERAS on 2011 June 21 for the purpose
of evaluating the radiation processes of ZPs. Analyzing highly resolved spectral and
polarization data revealed the frequency dependence of the degree of circular polarization
and the delay between two polarized components for the first time. The degree of circular
polarization was 50–70 % right-handed and it has little frequency dependence. Cross-
correlation analysis determined that the left-handed circularly polarized component was
delayed by 50–70 ms relative to the right-handed component over the entire frequency
range of the ZP and this delay increased with the frequency. We examined the obtained
polarization characteristics by using pre-existing ZP models and concluded that the ZP
was generated by the double plasma resonance (DPR) process. Our results suggest that
the ZP emission was originally generated in a completely polarized state in the O-mode
and was partly converted into the X-mode near the source. Subsequently, the difference
of the group velocities between the O-mode and X-mode caused the temporal delay.
3.1 Introduction
Type-IV solar radio bursts are broadband emissions observed in the metric- to
decimetric-wavelength range. They are generally emitted in association with a large flare
42 CHAPTER 3.
and considered to be generated by non-thermal electrons trapped in a closed magnetic
structure (Mclean & Labrum 1985). Past observations have revealed various complex
spectral fine structures in type-IV bursts, such as fiber bursts, broadband pulsations, and
zebra patterns (Kuijpers 1980). Because these fine structures are thought to be generated
by micro-scale physical processes of plasma waves and energetic particles during wave
generation and/or propagation, their spectral characteristics should reflect the plasma
conditions of the source region and the plasma processes occurring in the corona.
The zebra pattern (ZP) is a characteristic spectral structure with a number of nearly
parallel drifting narrowband stripes of enhanced emission. The number of stripes typically
ranges from 5 to 20 (70 at most), and the frequency separation between adjacent emission
bands increases with an increase of frequency (Chernov 2006).
To explain ZPs, more than ten theoretical models have been proposed and there is no
widely accepted interpretation. Most of these theories are based on the plasma emission
mechanism, which involves the excitation of electrostatic waves and their conversion into
electromagnetic waves (e.g. Rosenberg 1972; Chernov 1990; Ledenev et al. 2006).
The most popular model is the so-called double plasma resonance (DPR) model, pro-
posed by Zheleznyakov & Zlotnik (1975b), who suggested that ZP stripes are generated
in distributed sources along the field line. In the framework of this model, the plasma
waves are excited at certain levels, where the upper-hybrid frequency fUH coincides with
the harmonics of the electron cyclotron frequency fc:
fUH =
q
fp
2 + fc
2 = sfc; (3.1)
where fp is the electron plasma frequency and s is the harmonic number.
The generation processes of ZPs influence not only their spectral appearance but also
their polarization characteristics. Some studies on the polarization of ZPs have been re-
ported (e.g., Chernov et al. 1975, Chernov & Zlobec 1995, Kuznetsov 2008, and Zlotnik
et al. 2014). In most ZP events observed until now, the ZP was strongly polarized in the
same sense as the background continuum and the degree of circular polarization ranged
between 20–100 %. The wave mode of ZPs is considered to be the O-mode. The wave
mode is determined from the sense of rotation of the electric vector of the wave and the
magnetic polarity in the source region, assuming that the emission was generated just
above the leading sunspot of the active region (Benz 1993). Using theoretical calcula-
tions, Zlotnik et al. (2014) also concluded that a ZP is emitted at a fundamental plasma
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frequency and polarized in the O-mode; this was supported by spatially resolved obser-
vations of ZPs (Chen et al. 2011). For several events, the delay between the right- and
left-handed circularly polarized (RCP and LCP) components was examined. This delay
was interpreted by the difference in the group velocities of O- and X-modes (Chernov &
Zlobec 1995).
However, the existing ZP observations are limited in the fixed frequency band with a
low frequency resolution. In order to reveal the detailed polarization characteristics of
such a small-scale phenomenon, broadband observation with high-frequency resolution
that can resolve individual stripe of the ZP is necessary. Furthermore, to determine how
the characteristics of the emission change according to the height in the corona, we must
determine how the polarization characteristics of the emission depend on the frequency.
In this chapter, one ZP event was investigated for the purpose of evaluating the gen-
eration and propagation processes proposed in previous studies. We analyzed the highly
resolved spectrum and polarization data and determined the polarization characteristics
and their frequency dependence. A description of the instrumentation and an overview of
the ZP event are provided in Section 3.2. In Section 3.3, the data analysis and the results
are described. We discuss the results in Section 3.4 and present a summary of the chapter
in Section 3.5.
3.2 Observations
AMATERAS (the Assembly of Metric-band Aperture Telescope and Real-time Analy-
sis System) is a solar radio telescope dedicated to spectropolarimetry in the metric range
(Iwai et al. 2012). It can observe the RCP and LCP components of solar radio bursts
simultaneously in the frequency range 150–500 MHz with a time resolution of 10 ms and
a frequency resolution of 61 kHz. Hence, it can be used to acquire data for the analysis
of fine spectrum structures and the polarization characteristics of solar radio bursts (e.g.,
Iwai et al. 2013, 2014, Katoh et al. 2014).
On 2011 June 21, a type-IV burst accompanied by a clear ZP was observed with AM-
ATERAS. This type-IV burst was emitted in association with the C7.7 flare. Figure 3.1
shows the GOES X-ray flux (top panel) and the dynamic spectrum of the RCP component
of the type-IV bursts observed with AMATERAS. The flare lasted about 3 hr; it began at
01:22 UT, peaked at 03:25 UT, and ended at approximately 04:30 UT. Figure 3.2(a) shows
the full disk image at 131 A˚ observed with SDO/AIA (Lemen et al. 2012). A bright active
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Figure 3.1 Type-IV burst event observed with AMATERAS on 2011 June 21. Top:
GOES X-ray flux; bottom: dynamic spectrum of a series of type-IV bursts in RCP. The
red dashed rectangle indicates the burst in which the ZP appeared.
region (AR11236) was located near the disk center. The SDO/HMI magnetogram (Schou
et al. 2012) corresponding to the white square in Figure 3.2(a) is shown in Figure 3.2(b).
The active region was bipolar and consisted of a leading spot with negative polarity and a
following spot with positive polarity. The green contours in Figure 3.2(b) show the radio
brightness temperature at 17 GHz observed by the Nobeyama Radioheliograph (NoRH;
Nakajima et al. 1994) at the peak time. This emission is considered to be non-thermal
gyro-synchrotron emission. The brightest point at 17 GHz was located above the leading
spot. The time evolution of AR11236 in the 131 A˚ line is shown in Figure 3.2(c)–(e). In
association with the flare brightening in the GOES X-ray flux, the brightening of mag-
netic loop structures around the active region can be clearly seen. Since there was only
one flare before and after the bursts, the bursts probably emanated from this active region.
During the flare, several type-IV bursts occurred intermittently and the ZPs were de-
tected in only one burst, at around 03:20 UT, which is indicated by the red dashed rectan-
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Figure 3.2 Images of the flare during the bursts observed with SDO/AIA and
SDO/HMI. (a) Full disk image in AIA 131 A˚. (b) HMI magnetogram of the region
indicated by the white square in panel (a), showing AR11236. Green contours show
NoRH 17 GHz radio intensity. (c)–(e) Sequence of magnified images of AR11236 in
AIA 131 A˚.
gle in Figure 3.1. Figure 3.3 shows the dynamic spectrum of the type-IV burst in which
the ZP appeared. The ZPs are denoted by the red dashed rectangles (around 03:20 UT,
03:22 UT and 03:24 UT). The time of appearance of the ZPs approximately coincided
with the peak time of the flare in the GOES X-ray flux and the brightening in EUV 131 A˚
(see Figure 3.2(c)–(e)). In addition, at the same time as the appearance of the ZPs, simi-
lar continuum bursts were observed in the lower frequency range (25–180 MHz) with the
Learmonth Spectrograph in Australia (not shown). The detection of similar phenomenons
at two different observatories and the correspondence in time between the flare brighten-
ing and bursts indicate the solar origin of the observed ZPs.
Figure 3.4 shows a magnified image of the strongest part of the ZP (03:22:06–03:22:46
UT). The ZP stripes are evident in the frequency range of 160–210 MHz and are remark-
ably enhanced in fast drifting envelopes, such as type-III bursts or broadband pulsations,
which are indicated by white dotted circles. Although the ZP stripes are enhanced and
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Figure 3.3 Dynamic spectrum of the RCP component of the type-IV burst observed
with AMATERAS on 2011 June 21. The red rectangles show the time periods when
the ZPs appeared.
attenuated synchronously with the fast drifting envelopes, all stripes seem to be connected
continuously with each other over the examined time range. Therefore, we considered a
series of ZP stripes as one event. The total number of stripes was approximately 30 and
the frequency separation between them increased with frequency (1.4 MHz at 160 MHz
and 2.5 MHz at 200 MHz). These parameters are comparable to those of previous studies
(e.g., Chernov 2006) and consistent with the DPR theory.
3.3 Data Analysis and Results
ZP stripes can be observed in both polarized components, as shown in Figure 3.4. The
intensity of the emission was stronger in the RCP than in the LCP component. The degree
of circular polarization p was calculated from the radio intensity of the RCP, IR, and LCP,
IL, components using the following equation
p =
IR   IL
IR + IL
 100 (%): (3.2)
In the examined event, the degree of circular polarization was 50–70 % and this value
was almost constant throughout the entire time and frequency range shown in the middle
panel of Figure 3.5. The polarization of the ZP stripes was stronger than the background
continuum by approximately 20 %. The calculated degree of circular polarization does
not represent the polarization of the ZP stripes themselves, because it also contains the
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Figure 3.4 Magnified image of the ZP for 03:22:06–03:22:46 UT (top: RCP; bottom:
LCP). The ZP was enhanced in fast drifting envelopes, indicated by the white dotted
circles.
polarization of the background continuum emission.
The temporal delay of the LCP (red line) relative to the RCP (black line) component
was detected, as shown in the top panel of Figure 3.5. The delay was evaluated by cross-
correlation analysis (e.g., Benz & Pianezzi 1997; Kuznetsov 2008) using the following
steps. First, the cross-correlation coefficient C(l) of the RCP and LCP components was
calculated in a selected time interval at a certain frequency channel according to
C(l) =
Pn l
i=1 IR(ti)IL(ti+l)qPn
i=1 IR(ti)
2Pn
i=1 IL(ti)
2
: (3.3)
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Figure 3.5 Polarization characteristics of ZP. Top: normalized light curves of the RCP
(black line) and LCP (red line) components at 190 MHz (from 03:22:22 UT to 03:22:29
UT). Middle: frequency profile of the degree of circular polarization at the time of
ZP enhancement (03:22:17 UT). Bottom: frequency dependence of the delay between
the LCP and RCP components. The ordinate represents the maximum lag l used in
Equation 3.3. The red dotted line denotes the error in the calculation of the delay
estimated from Equation 3.4, and the blue line is the linear-fitted line in the frequency
range of 170–200 MHz. Gray hatched regions are the frequency bands of artificial
interferences.
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The summation in the numerator was calculated over all possible pairs for the lag l, and n
is the total number of data points in the selected time interval. Then, the calculated func-
tion was interpolated by cubic spline functions to increase the resolution in the calculation
of the delay. The value of the lag for which the maximum cross-correlation coefficient
was obtained was determined to be the delay between the RCP and LCP components.
The above processes were repeated for all frequency channels in which the ZP appeared.
Subsequently, we obtained the delay over the entire frequency range of the ZP. The er-
ror in the determination of the delay t was calculated using the law of error propagation,
expressed as follows
t =

C 00d
vuut2 (1  Cmax) 1Pn
i=1 IR(ti)
2 +
1Pn
i=1 IL(ti)
2
!
; (3.4)
where  is the standard deviation of the noise signal at the time when the solar activity
was quiet (because the values were almost the same in both components, we used that
of the RCP component); C 00 is the second derivative of the interpolated cross-correlation
function C(l), calculated at the maximum of the function; d is the temporal resolution
of the interpolated function; and Cmax is the maximum of the cross-correlation function.
The accuracy of the delay calculation increases with the intensity of the emission and the
length of the selected time interval.
The bottom panel of Figure 3.5 shows the delay throughout the frequency range of the
ZP, as determined by the cross-correlation method. The ordinate represents the lag l for
which Equation 3.3 reaches a maximum. In the calculation, we selected the time interval
of 7 s from 03:22:22 UT to 03:22:29 UT. The positive delay means that the LCP compo-
nent followed the RCP one. The red dotted lines show the error 3t, calculated with
Equation 3.4, which is sufficiently small in the frequency range of the ZP enhancement.
In the lower frequencies, the error increases because the intensity of the ZP is low. The
blue line displays the linear fit in the frequency range of 170–200 MHz, where the ZP is
clearly visible and the error is relatively small. The frequency ranges of the artificial in-
terferences were ignored in the fitting process. The delay reached 50 ms at 170 MHz and
70 ms at 200 MHz; namely, it increased with an increase of the frequency. The frequency
dependence of the delay changes slightly depending on the selected time interval where
the cross-correlation is calculated. However, the delay was between 50 and 70 ms and the
frequency dependence was mostly weak during the event.
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3.4 Discussion
The wave mode of the ZPs is usually estimated from the sense of rotation of the electric
vector of the radio emission and the magnetic polarity of the active region by assuming
that the ZP should be emitted above the leading spot (Benz 1993). This was supported by
spatially resolved observations of ZPs (Chen et al. 2011). In the present study, the mag-
netic polarity of the leading spot was negative, as shown in Figure 3.2(b). Therefore, the
RCP component corresponds to the O-mode and the LCP component to the X-mode if we
assume that the emission originated from just above the leading spot. In fact, non-thermal
microwave gyro-synchrotron emission had existed above the leading spot, suggesting that
the particle acceleration occurred around that region, although the energy range of elec-
trons and the radio emission mechanism were different from those of the metric bursts
(see Figure 3.2(b)).
Based on the above considerations, the O-mode was dominant in the observed ZP, and
the delay of the LCP component indicates a delay of the X-mode waves. These results
are consistent with previous studies (Chernov 2006, Chen et al. 2011, and Zlotnik et al.
2014).
The dominance of the O-mode and the increasing frequency separation between ad-
jacent stripes with increasing emission frequency suggest that the observed ZP can be
explained by the DPR theory. According to this model (Equation 3.1), the emission could
have been generated as a perfectly polarized state in the O-mode. Because the ZP stripes
were evident in both polarized components and their spectral appearance was very similar
(see Figure 3.4), the O-mode and X-mode may have the same origin in the source. There-
fore, the observed polarization characteristics suggest that the X-mode possibly resulted
from the depolarization effect during propagation and that the delay between the O-mode
and X-mode was induced subsequently.
The most plausible reason for the delay is the difference in the group velocities of the
O-mode and the X-mode. Actually, the group velocity of the O-mode waves in magne-
tized plasma is greater than that of the X-mode waves according to the dispersion relation
of the waves. Considering that the observed delay (50–70 ms) and its frequency depen-
dence have been generated by the difference in group velocities, both waves should have
propagated through relatively dense plasma with frequencies close to the local plasma fre-
quency. According to commonly used coronal models (e.g., Allen 1947, Dulk & Mclean
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1978), the depolarization occurred within tens of thousands kilometers from the source,
suggesting that the ZP emission was partly converted into the X-mode near the source.
These results imply that the depolarization effect that generated the X-mode should ap-
pear near the source of the emission.
The generation process of the X-mode was not confirmed. One of possible genera-
tion processes of the X-mode is the effect of mode coupling, proposed by Cohen (1960),
during the propagation through a region of a quasi-transverse magnetic field relative to
the direction of propagation. However, this process may not be plausible for generating
the X-mode. The theories of mode-coupling (e.g., Cohen 1960, Zheleznyakov & Zlotnik
1964) predict that the degree of circular polarization strongly depends on the frequency
(/ f 4). In contrast to these theories, the observed degree of circular polarization was
almost constant over a wide frequency range, as shown in the middle panel of Figure
3.5. Therefore, the mode-coupling process may not be plausible, and other mechanisms
such as the mode conversion of the O-mode to the X-mode should be considered. The
evaluation of the models for depolarization are presented in Chapter 4.
3.5 Brief Summary
We investigated a ZP event observed with AMATERAS on 2011 June 21 in association
with the C7.7 flare. The broadband and high-resolution data from AMATERAS enabled
us for the first time to perform a detailed analysis of the polarization and frequency char-
acteristics of ZPs, in contrast to previous observations performed at the fixed frequency
band. The ZP appeared in both the RCP and LCP channels and was dominant in the
RCP one. The degree of circular polarization was found to be 50–70 % right-handed
with almost no frequency dependence. In addition, the delay between the two polarized
components was evaluated by cross-correlation analysis. The analysis determined that
the LCP was delayed by 50–70 ms relative to the RCP and the delay increased with an
increase of the frequency.
From the obtained frequency dependence of the polarization, we evaluated the gener-
ation processes of the ZP assuming the DPR model. Our findings suggest that the de-
polarization from the O-mode to the X-mode occurred near the source of emission and
the observed delay was subsequently induced due to the different group velocities of the
two components. Further studies on ZPs should focus on identifying the position where
the emission originated. For this purpose, combining interferometric observations with
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spectral measurements may be an effective strategy.
Chapter 4
Polarization Characteristics of
Zebra Pattern. II. Relationship
between Degree of Circular
Polarization and Temporal Delay
Continuing from the previous chapter, the polarization characteristics of zebra patterns
(ZPs) in type IV solar bursts were studied in this chapter. We analyzed 21 ZP events
observed by the Assembly of Metric-band Aperture Telescope and Real-time Analysis
System between 2010 and 2015 and identified the following characteristics: a degree of
circular polarization (DCP) in the range of 0–70%, a temporal delay of 0–70 ms between
the two circularly polarized components (i.e., the right- and left-handed components),
and dominant ordinary-mode emission in approximately 81% of the events. For most
events, the relation between the dominant and delayed components could be interpreted
in the framework of fundamental plasma emission and depolarization during propagation,
though the values of DCP and delay were distributed across wide ranges. Furthermore, it
was found that the DCP and delay were positively correlated (rank correlation coefficient
R = 0:62). As a possible interpretation of this relationship, we considered a model based
on depolarization due to reflections at sharp density boundaries assuming fundamental
plasma emission. The model calculations of depolarization including multiple reflections
and group delay during propagation in the inhomogeneous corona showed that the DCP
and delay decreased as the number of reflections increased, which is consistent with the
observational results. The dispersive polarization characteristics could be explained by
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the different numbers of reflections causing depolarization.
4.1 Introduction
Solar radio bursts are produced by non-thermal electrons that are accelerated in the
corona through incoherent mechanisms, such as gyrosynchrotron emission, and coher-
ent mechanisms, such as plasma emission. In the metric wavelength range, the majority
of such bursts are produced through the plasma emission mechanism. Since the plasma
emission is generated at the local plasma frequency in the source region, its form in the
dynamic spectrum reflects the motion of the emission source. For example, the rapid
frequency drift of type III bursts corresponds to the motion of electron beams propa-
gating along open magnetic field lines; in contrast, the slow frequency drift of type II
bursts corresponds to magnetohydrodynamic shocks associated with coronal mass ejec-
tions (Mclean & Labrum 1985).
In the plasma emission mechanism, radio bursts are generated through several radia-
tive processes, such as acceleration of electrons, excitation of electrostatic plasma waves,
conversion of electrostatic waves into electromagnetic waves, and propagation through
the corona and interplanetary space. The observed characteristics of bursts can be influ-
enced by modulations and inhomogeneities in these processes. As a result, a wide variety
of fine spectral structures are generated. Their spectral characteristics are determined
by microscale physical processes involving plasma waves and non-thermal electrons that
occur in the corona (e.g., Iwai et al. 2014).
Zebra patterns (ZPs) are one type of fine spectral structures. They consist of numerous,
nearly parallel, drifting, narrowband stripes of enhanced emission superimposed on the
background of a type IV continuum. Since type IV bursts are thought to be generated
by non-thermal electrons trapped in closed magnetic structures in flaring regions, ZPs are
considered to be an important source of information on the plasma parameters and pro-
cesses associated with flaring loops, such as the magnetic fields and their configurations,
particle acceleration, and plasma instabilities. The ZP formation mechanism has been dis-
cussed for more than 40 years, and many theoretical models have been proposed (Rosen-
berg 1972; Kuijpers 1975; Zheleznyakov & Zlotnik 1975b; Chernov 1976; Chernov 1990;
Barta & Karlicky 2006; Ledenev et al. 2006; Kuznetsov & Tsap 2007). The most sophisti-
cated model is based on plasma wave excitation at the so-called double plasma resonance
(DPR) levels (Kuijpers 1975; Zheleznyakov & Zlotnik 1975b; Kuznetsov & Tsap 2007).
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This model assumes that the excitation of electrostatic plasma waves is enhanced at some
resonance levels for which the upper-hybrid frequency fUH coincides with the harmonics
of the electron cyclotron frequency fc:
fUH =
q
fp
2 + fc
2 = sfc; (4.1)
where fp is the electron plasma frequency and s is the harmonic number. The emis-
sions corresponding to different harmonic numbers originate at different heights, and the
wave excitation levels are determined by the characteristic scales of the magnetic field
and electron density variations. The excited plasma waves are then converted into elec-
tromagnetic waves through nonlinear processes at the fundamental plasma frequency or
the second harmonic frequency. They subsequently propagate through the corona and
interplanetary space and are finally observed as ZPs.
Despite the sophistication of ZP generation theories, many problems remain to be
solved in this area (Chernov 2006; Zlotnik 2009). For instance, the intermediate emis-
sion polarization is an important topic of discussion. Assuming that the fundamental
plasma emission is operative, the escaping radiation should be completely polarized in
the ordinary mode (O-mode) in magnetoionic theory; accordingly, the degree of circular
polarization (DCP) should be 100%. On the other hand, the DCP of the second harmonic
emission is negligible in a weakly anisotropic plasma (Zlotnik et al. 2014). Polarization
observations have shown that the sense of rotation corresponds to the O-mode in most
events, but that the observed DCP is often less than 100% though its values are rather
high (Chernov et al. 1975; Chernov & Zlobec 1995). This discrepancy between the
theoretical predictions and observations had led to the concept of the depolarization of
fundamental plasma emission during propagation.
Several mechanisms for the depolarization have been proposed (Cohen 1960; Wentzel
et al. 1986; Melrose 1989; Melrose 2006; Zlotnik et al. 2014). One mechanism is related
to the mode coupling that occurs when the waves propagate through a quasi-transverse
(QT) magnetic field (Cohen 1960). When the frequency of the waves is sufficiently low
relative to the critical frequency where the coupling coefficient becomes unity, the ini-
tial mode remains and the polarization reverses, whereas at sufficiently high frequencies,
the original polarization is preserved and the mode reverses. Another possible depolar-
ization mechanism involves the contribution of weakly polarized component (Zlotnik et
al. 2014). Strongly polarized emission originates from ZP stripes at the fundamental
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frequency f = fp, while weakly polarized emission is generated by the background con-
tinuum at the second harmonic frequency from the f = fp=2 level. The accumulation of
these components decreases the observed DCP. Furthermore, phenomenon of large-angle
scattering by lower-hybrid waves was proposed by Wentzel et al. (1986) as a depolar-
ization mechanism of type I bursts. Melrose (1989) explored general cases of scattering
by low-frequency waves and suggested that scattering by ion sound waves and whistler
mode waves is a common depolarization mechanism for all metric bursts. Melrose (2006)
also considered depolarization due to reflection at sharp density boundaries. Kaneda et al.
(2015) investigated the circumstances under which such depolarization processes occur
by analyzing the frequency dependence of the delay between the two circularly polar-
ized components. Based on their results, they suggested that depolarization occurs very
close to the emission source, where the difference between the group velocities of the two
circular wave modes is relatively large.
Nevertheless, information regarding circular polarization especially the temporal delay
is still lacking. Most studies concerning ZP polarization have been case studies based
on the analysis of one or several events. Consequently, the general polarization charac-
teristics of ZPs and their relations to the generation processes are not well understood,
primarily due to the relatively low occurrence of ZPs, and also the lack of instruments
that can record highly resolved dynamic spectra and polarizations simultaneously.
The remainder of this chapter is organized as follows. In Section 4.2, the instrument
and data set used in this work are described. Section 4.3 summarizes the analysis method
and the results. Then, the relationship between the obtained results and depolarization
processes is discussed in Section 4.4. Finally, we provide a summary and the main con-
clusions in Section 4.5.
4.2 Data Set
AMATERAS is a ground-based solar radio telescope in Fukushima, Japan, that is dedi-
cated to spectropolarimetry in the metric range (Iwai et al. 2012). It measures solar radio
emission in the frequency range of 150–500 MHz with a cadence of 10 ms and a fre-
quency resolution of 61 kHz. Simultaneous observations of the two circularly polarized
components, i.e., left-handed polarization (LCP) and right-handed polarization (RCP),
are possible with this telescope.
We examined the data obtained by AMATERAS between 2010 July and 2015 March.
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A total of 3.5 years of data are available from this period, excluding the intervals dur-
ing which observations were not made. From the AMATERAS database, we selected
21 ZP events, which consisted of clearly visible narrowband stripes in 16 flares. The
adjacent events that were well separated in both time and frequency and exhibited dif-
ferent spectral characteristics (e.g., frequency drifting or separation between the stripes)
were designated as different events. These events are listed in Table 4.1 along with their
general characteristics, including flare properties. The flare data (class, location, time of
occurrence, and duration) were obtained from the Hinode Flare Catalog (see Watanabe et
al. 2012). For each ZP event, we derived the upper- and lower-end frequencies, occur-
rence time, time relative to the flare peak time, duration, total number of stripes, frequency
separation between adjacent stripes, and relative frequency separation. The values of the
observed spectral parameters, such as the number of stripes, typical frequency separation,
and overall frequency extent, that are listed in Table 4.1 are comparable to those observed
previously (e.g., Chernov 2006). Hence, the ZP events analyzed in this study possess
typical characteristics of ZPs in the metric range.
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4.3 Results
4.3.1 Parameters Used to Describe Polarization
The polarization of each ZP was characterized in terms of the DCP, delay between the
two circularly polarized components, and magnetoionic mode of the waves. The DCP of
the emission p is defined as follows.
p =
IR   IL
IR + IL
 100 (%): (4.2)
where IR and IL are the radio intensities of the RCP and LCP components, respectively.
The representative value for an event can be obtained by averaging over the entire occur-
rence time and frequency ranges of the ZP.
The ordinary (O) and extraordinary (X)-modes of electromagnetic waves in magnetized
plasma propagate with different group velocities; the O-mode travels faster than the X-
mode. Consequently, a temporal delay between the two polarization components arises.
In this study, the delay due to the difference between the group velocities was determined
using the cross-correlation method (Benz & Pianezzi 1997). In this method, the cross-
correlation coefficient C(l) between the RCP and LCP is first calculated during a selected
time interval using the following equation:
C(l) =
Pn l
i=1 IR(ti)IL(ti+l)qPn
i=1 IR(ti)
2Pn
i=1 IL(ti)
2
: (4.3)
The summation in the numerator is calculated over all possible pairs for the lag l, IR and
IL are the same as Equation 4.2, and n is the total number of data points in the selected
time interval. Then, the calculated correlation coefficient is interpolated using cubic spline
functions to increase the resolution with which the delay can be determined. The value of
the lag for which the cross-correlation coefficient is maximized is then designated as the
delay between the RCP and LCP components. In this study, we selected a 10 s interval for
the cross-correlation during which each ZP was clearly visible. The delay was determined
for each frequency channel of the ZP, and then, as with the DCP case, the delay of the
event was obtained by averaging over the entire frequency range.
The magnetoionic emission mode was determined according to the temporal relation,
i.e., the delay, between the two circularly polarized components. We assumed that the
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delay was generated during propagation because of the difference between the group ve-
locities of the two circular wave modes. Therefore, the antecedent and following polar-
ization components were supposed to correspond to the O- and X-modes, respectively. In
inferring the emission mode of a radio burst, the leading spot in the active region is often
taken as a reference (leading spot hypothesis, Benz 1993). However, the leading spot
hypothesis is not always correct and has some ambiguities. Hence, we used the delay
between the two components as a reference when determining the emission mode in the
present study.
4.3.2 Overiview of the Results
The obtained polarization characteristics are listed in Table 2. The symbols“R” and
“L” in the DCP column indicate the dominant components (e.g., R100 means 100%
RCP), and those in the delay column indicate the delayed components (e.g., L50 means
that the LCP component is delayed by 50 ms). Figure 4.1(a) presents the DCP distribution.
The ZPs are weakly or intermediately circularly polarized by amounts ranging from 0%
to around 70%. Among the 21 ZPs, 17 events (81.0%) have intermediate polarizations
(20% < p < 80%), and 4 events (19.0%) have weak polarizations (p  20%). Notably,
no completely polarized (100%) ZP is evident among the 21 events. The sense of the
polarization remains the same throughout each flare event, though the DCP varies slightly.
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Figure 4.1 Histograms of (a) the DCP and (b) the delay between the two polariza-
tion components, not accounting for the polarization sense. (c) Scatter plot of DCP vs.
delay. The blue, red, and green symbols represent the O-mode, X-mode, and not circu-
larly polarized events, respectively. The rank correlation coefficient was determined to
be 0.62.
A histogram of the delay between the two polarization components is provided in Fig-
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Table 4.2 Polarization Characteristics of ZPs
Date DCP (%) Delay (ms) Mode
2011 Jun 2 L34 R3 O
2011 Jun 21 R65 L60 O
2011 Aug 2 L37 R1 O
L21 R1 O
L62 R22 O
2011 Sep 6 R1 L5 O
2013 May 15 L4 0 O
2013 Nov 11 L61 R9 O
2014 Feb 11 R59 L7 O
0 L9 –
2014 Feb 12 L21 L5 X
2014 Apr 3 L34 R8 O
2014 May 18 R16 0 O
2014 Jun 12 L44 R2 O
L56 R21 O
2014 Nov 6 L30 R11 O
2014 Nov 7 R62 L10 O
2014 Nov 7 L25 L6 X
L54 R24 O
2015 Feb 9 R46 L73 O
R36 R11 X
Notes. See text for symbols of DCP and Delay.
ure 4.1(b), which shows that the delay are at most about 70 ms. The weaker component
was delayed in 15 events (71.4%); the stronger component was delayed in three events
(14.3%); and the two components were observed simultaneously in two events (9.5%). It
should be noted that the delays may have been underestimated because of the frequency
drift of the emission stripes. When the frequency drift is slow during the time of cross-
correlation, the delay can be detected only in the frequency range of the emission stripes
because delay in smooth continuum emissions cannot be detected using the employed
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method. Accordingly, averaging over the whole ZP frequency range would have reduced
the obtained delay, though it would not have affected which component was delayed. The
small delays obtained for certain events may be attributable to this effect.
The emission modes are listed in the rightmost column of Table 4.2. The ZP was O-
mode in 17 events (81.0%) and X-mode in 3 events (14.3%). To determine the modes for
the events on 2013 May 15 and 2014 May 18, for which the delay was 0 ms, we adopted
the leading spot hypothesis. The magnetic polarity of the leading spot was determined
using the Helioseismic and Magnetic Imager (HMI, Schou et al. 2012) onboard the Solar
Dynamics Observatory (SDO). Unfortunately, the modes could not be determined defi-
nitely because the exact radio source position and magnetic field direction were unknown
since spatially resolved radio observations were not obtained.
In the analyzed events, these polarization characteristics were almost constant through-
out the ZP frequency range, and the dispersion within each event was relatively small
compared to the variance among the events. In this work, to focus on the differences
among the events, the polarization characteristics averaged over the ZP frequency range
are presented. See Kaneda et al. (2015) for a discussion of the frequency dependences of
the polarization characteristics of a ZP event.
Figure 4.1(c) depicts the relationship between the DCP and delay. The blue, red, and
green symbols represent the O-mode events, X-mode events, and event for which the DCP
was 0%, respectively. The standard deviations of the parameters are indicated by the error
bars. A positive correlation is evident between the DCP and delay; strongly polarized
ZPs have more significant delays. Since the values are discrete and the relationship is not
linear, we evaluated it by performing rank correlation. The rank correlation coefficient
was 0.62, indicating a significant correlation between the two parameters.
4.3.3 Example of Typical Events
Our results show dispersive polarization characteristics in the DCP and delay. As ex-
amples of typical events with strong circular polarization and a large delay and with weak
circular polarization and a small delay, we discuss the events that occurred on 2011 June
21 and 2011 September 6 in detail.
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Figure 4.2 Event on 2011 June 21. Dynamic spectra of ZPs in (a) RCP and (b) LCP
from 03:22:06 UT until 03:22:46 UT. (c) Time profiles of the RCP (blue line) and LCP
(red line) at 200 MHz in the time range indicated by the red rectangle (i.e., 03:22:24–
03:22:30 UT). (d) Full disk image (131 A˚ ) taken at 03:22:33 UT by SDO/AIA. (e) Full
disk magnetogram obtained by SDO/HMI at 03:22:26 UT.
Event on 2011 June 21
The event on 2011 June 21 is shown in Figure 4.2 as a typical example of a ZP event
with strong circular polarization and a large delay. This event was analyzed in detail
by Kaneda et al. (2015). A C7.7 class flare occurred in the active region of NOAA
11236 near the disk center (N14W09). It started at 01:22:00 UT, peaked at 03:25:00
UT, and ended at 04:27:00 UT. The ZP was recorded around 03:20:00 UT, just before
the flare peak time. Figures 4.2(a) and (b) depict the dynamic ZP spectrum in terms
of RCP and LCP, respectively. The ZP was enhanced intermittently during a period of
about 1 minute. Figure 4.2(c) presents the time profiles of the RCP (blue line) and LCP
(red line) at 200 MHz. The weaker LCP is clearly delayed relative to the stronger RCP.
The DCP was 65% RCP, and cross-correlation analysis indicated that the delay of the
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LCP was 60 ms. This temporal relation suggests that the RCP was O-mode. Figure
4.2(d) shows the EUV image at 131 A˚ obtained by the Atmospheric Image Assembly
(AIA) on board SDO. Brightening of the flaring loop structures is evident around the time
that the ZP appeared. The photospheric magnetic field was obtained from the SDO/HMI
magnetogram presented in Figure 4.2(e). The magnetic polarity of the leading spot was
negative, so the RCP was determined to be O-mode based on the leading spot hypothesis.
This finding is consistent with the inference based on the delayed component.
(a)
(b)
(c)
(d)
(e)
Figure 4.3 Event on 2011 September 6. Dynamic spectra of ZPs in (a) RCP and (b)
LCP from 22:47:33 UT until 22:48:13 UT. (c) Time profiles of RCP (blue line) and LCP
(red line) at 210 MHz in the time range indicated by the red rectangle (i.e., 22:47:54–
22:48:00 UT). (d) Full disk image (131 A˚ ) taken at 22:25:33 UT by SDO/AIA. (e) Full
disk magnetogram obtained by SDO/HMI at 22:22:22 UT.
Event on 2001 September 6
Figure 4.3 depicts the event on 2011 September 6. In contrast to the event on 2011
June 21, this event exhibits weak circular polarization and a small delay. A strong type IV
burst was observed around 22:30:00 UT and was associated with an X2.1 class flare that
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occurred in the active region of NOAA 11283 (N14W18). A bright active region is evident
in the EUV image at 131 A˚ obtained by SDO/AIA, which is shown in Figure 4.3(d). The
flare location was similar to that of the event on 2011 June 21. The flare started at 22:12:00
UT, peaked at 22:20:00 UT, and ended at 22:24:00 UT. Figures 4.3(a) and (b) depict the
ZP observed at 22:48:00 UT in terms of RCP and LCP, respectively. It continued for
about 40 s, and significant upward frequency drift is evident around 22:47:50 UT.
Figure 4.3(c) presents the time profiles of the two components; the blue and red lines
represent the RCP and LCP, respectively. There is little difference between the time pro-
files of the two components. The obtained DCP was 1% RCP, and the delay of the LCP
was determined to be 5 ms. Thus, the RCP was assumed to be O-mode. The magnetic
polarity of the leading spot is also consistent with this statement (Figure 4.3(e)).
4.4 Discussion
In this paper, we presented the analyses of 21 ZP events occurring during 16 flares
and focused on their polarization characteristics. The polarization characteristics of the
ZPs were evaluated using the DCP, delay between the two polarized components, and
magnetoionic mode of the emission.
The initial polarization characteristics are determined by the emission mechanism, al-
though they can be modulated during propagation. In the general theory of ZP polariza-
tion, the polarization characteristics are described in terms of fundamental plasma emis-
sion and depolarization during propagation as follows. The plasma frequency is generally
lower than the X-mode cutoff frequency; therefore, in the source region of a metric ZP, the
emission is generated only in the O-mode, and the magnitude of the DCP should be 100%.
At this stage, the generated O-mode emission is partly converted into X-mode emission
during propagation; consequently, the DCP decreases. Finally, the X-mode emission is
delayed due to the difference between the O- and X-mode group velocities (Chernov &
Zlobec 1995; Zlotnik et al. 2014).
Provided that an observed ZP occurs according to the above scenario, the antecedent
component (corresponding to the O-mode) should be dominant, and the delayed compo-
nent (corresponding to the X-mode) should be weaker. Among the 21 analyzed events,
17 events (81.0%) agree with this theory, indicating the validity of the above assump-
tions, whereby ZPs are generated at the fundamental frequency and depolarized during
propagation.
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However, the X-mode is dominant in three events (2014 February 12, 2014 November
7, and 2015 February 9), possibly due to ZP generation in X-mode, which has been dis-
cussed observationally and theoretically in the precedent studies (Altyntsev et al. 2005;
Kuznetsonv 2005). For example, Kuznetsov (2005) suggested that microwave ZPs can be
generated in X-mode via nonlinear interactions between Bernstein modes. In this case,
the frequency separation between adjacent stripes is expected to be equidistant with re-
spect to the emission frequency. In fact, some events in our data set exhibited X-mode
polarization and equidistant stripes (e.g., the event on 2014 February 12). Therefore, X-
mode generation via Bernstein waves might be possible for metric ZPs under specific
conditions wherein the magnetic field is extremely strong (several tens of Gauss).
Although the observed relation between the dominant and delayed components is al-
most consistent with the theory of fundamental plasma emission and subsequent depolar-
ization, the values of DCP and delay were distributed across a wide range. In particular,
the observed ZPs had DCPs ranging from very weak (near 0%) to moderately strong
(about 70%) and delays ranging from 0 ms to about 70 ms. Moreover, we found a posi-
tive correlation between the DCP and delay. A possible explanation of this relationship is
discussed in Section 4.4.1.
4.4.1 Relationship between DCP and Delay
If a source is emitting in O-mode, which is depolarized (partly converted into X-mode)
during propagation, the relationship between the DCP and delay is determined by the
depolarization processes. The relationship between the DCP and the depolarization is ob-
vious: the DCP decreases as the depolarization efficiency increases. That is, the DCP is
equivalent to the efficiency of conversion from O-mode to X-mode. On the other hand,
the magnitude of the delay may be related to the location at which the X-mode origi-
nates because the temporal delay between the two modes arises only after depolarization
occurs. The difference between the group velocities takes its maximum at the X-mode
cutoff frequency and decreases as the emission frequency increases. Since the plasma
frequency decreases with increasing height, the emission frequency becomes greater than
the local plasma frequency as the emission propagates higher in the corona. Thus, the
delay decreases as the height at which the X-mode originates increases. In other words,
the delay depends on the height at which depolarization occurs. As described above, the
relation between the DCP and delay is closely related to how and where depolarization
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occurs. We provide an explanation of the positive correlation between the DCP and delay
that takes these considerations into account in Section 4.4.2.
4.4.2 Depolarization Due to Single Reflection
There are several depolarization models that can lead to DCP reduction. In particular,
mode coupling that occurs when waves propagate through a quasi-transverse magnetic
field region (i.e., a QT region) is a well-known depolarization mechanism (Cohen 1960).
Zheleznyakov & Zlotnik (1964) discussed this effect and showed that the resulting DCP is
strongly dependent on the radiation frequency (/ f 4). However, observations have in-
dicated that the DCP is weakly frequency-dependent (Kaneda et al. 2015); this character-
istic is difficult to explain using the QT mode coupling theory. Furthermore, propagation
through QT regions is difficult to realize for the emission from coronal loops, especially
from loops located near disk centers.
Zlotnik et al. (2014) proposed a mechanism based on the accumulation of emissions
from different origins. According to their model, completely polarized ZP emission at
the fundamental frequency f = fp and weakly polarized continuum emission at the sec-
ond harmonic frequency from the fp0 = fp=2 layer are observed in the same frequency
band. As a result, the total emission can be partly polarized. This mechanism may not
be unnatural in coronal conditions, but it cannot explain our observations. If the depolar-
ization were attributable to the contribution from weakly polarized emission, ZP stripes
would be observable only in one polarized component. However, we observed ZP stripes
in both polarized components. Thus, some other mechanisms should be associated with
the observed depolarization.
Another depolarization mechanism involves scattering by low-frequency waves such as
lower-hybrid waves (Wentzel et al. 1986), ion sound waves, or whistler mode waves (Mel-
rose 1989). The occurrence of such scattering requires the existence of low-frequency
waves that interact with the initial radiation.
As another possible depolarization mechanism that can explain the observed polar-
ization characteristics, we consider a model based on reflection at sharp plasma density
boundaries. A simplified theory of depolarization due to reflection was proposed by Mel-
rose (2006). According to this theory, when a wave in one magnetoionic mode is reflected
at a sharp boundary, waves in both modes are generated. As a result, the DCP is reduced.
Such reflection requires a boundary with a thickness less than about the wavelength of the
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radio waves. Melrose (2006) derived a depolarization coefficient using simplified mag-
netoionic theory. In this model, the magnetic field is ignored in the refractive indices
for the magnetoionic modes but is taken into account in the circular polarization. Under
this assumption, the RCP and LCP reflection coefficients are treated as equivalent, i.e.,
rRR = rLL and rRL = rLR, where the first and second subscripts represent the polar-
izations of the incident and reflected modes, respectively. Assuming incident RCP, the
depolarization coefficient pR can be written as
pR =
rRR   rRL
rRR + rRL
; (4.4)
and the detailed depolarization coefficient expressions are
pR =
cos 2 + cos 20
1 + cos 2 cos 20
;
cos 20 =
X 0  X + (1 X) cos 2
1 X 0 ; (4.5)
for X < X 0 < 1  (1 X) cos2 , and
pR =
x  (1 + 3x) sin2  + 2x sin4 
x+ (1  x) sin2  ;
x =
1 X
X 0   1 ; (4.6)
for 1   (1   X) cos2 . In this context, X = !p2=!2 specifies the ratio of the plasma
frequency to the wave frequency on the lower density side, X 0 = !p02=!2 = X is the
corresponding ratio on the higher density side,  is the angle between the magnetic field
lines and incident wave vector, and 0 is the corresponding angle of the reflected wave.
For a detailed derivation of pR, see Melrose (2006).
The calculated depolarization coefficient as a function of  and !=!p is shown in Figure
4.4 (left panel), where  is the angle between the incident ray and magnetic field and
!=!p is the ratio of the emission frequency to the local plasma frequency. Here, the
DCP becomes 0% at pR = 0, there is no change in the DCP at pR = 1, and complete
polarization reversal occurs at pR =  1. The depolarization coefficient is close to 1 when
 . 5 and !=!p & 2, and it is close to－ 1 when  & 30 and !=!p . 1:2.
The right panel of Figure 4.4 depicts the frequency dependence of the depolarization
coefficient at  = 5. Since !=!p increases with increasing height, the frequency de-
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Figure 4.4 Left: depolarization coefficient calculated using Equations (5) and (6) for
 = !p
02=!2 = 10, after Melrose (2006). The contours of 0.8, 0.4, 0,  0.4, and
 0.8 from top to bottom are shown. Right: frequency dependence of depolarization
coefficient when  = 5.
pendence of the depolarization coefficient implies that the DCP reduction becomes less
significant as the reflection height increases. Consequently, the DCP and delay should
be negatively correlated if they result from a single depolarizing reflection. However, the
observational results conflict with this prediction, since the DCP and delay were in fact
positively correlated. Thus, single reflections with different heights may not be the reason
for the observed relationship between the DCP and delay.
4.4.3 Depolarization Due to Multiple Reflections
Alternatively, the dispersive polarization characteristics may be related to the multiplic-
ity of depolarization processes, which is highly likely. In the case of depolarization due
to reflection at sharp boundaries, the DCP and delay depend on the number of reflections.
In the model considered, it is possible for the polarization to change from O-mode to X-
mode and vice versa due to reflection. Thus, if the incident wave is a mixture of the O-
and X-modes, four kinds of reflected waves are produced by one reflection: the O- and
X-modes reflected from the incident O-mode (O-O and O-X), and those reflected from
the incident X-mode (X-O and X-X). In the observations, the accumulation of these four
components was received as the two polarized components. Accounting for this accumu-
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lation, the time profiles of the observed O- and X-mode components after i-th reflections
can be expressed as
Oi(t) =
1 + pRi
2
Oi 1(t) +
1  pRi
2
Xi 1(t+ti) (4.7)
and
Xi(t) =
1 + pRi
2
Xi 1(t) +
1  pRi
2
Oi 1(t ti); (4.8)
where pRi is the depolarization coefficient in Equation 4.4 at the i-th reflection and ti
is the delay generated during propagation from the height at which the i-th reflection
occurs. Due to the contribution from the oppositely polarized component generated upon
the (i   1)-th reflection, the O- and X-modes are mixed. As the number of reflections
increases, the mixing of the two components proceeds, and, consequently, the DCP and
delay decrease.
Figure 4.5 illustrates this model schematically. Typical ZP time profiles are presented
for cases with zero, one, and two reflections, from top to bottom. The blue and red lines
represent the O- and X-modes, respectively. Here, we assumed that the originally gen-
erated ZP was completely polarized in the O-mode, corresponding to the zero-reflection
case in the upper panel. Upon the first reflection, a fraction of the incident O-mode is
transformed into the X-mode according to pR1, and the generated X-mode is delayed by
t1 (middle panel). After the second reflection, there are four reflected components, as
shown in the lower panel: O-O (blue dotted), O-X (red dotted), X-O (blue dashed), and
X-X (red dashed). The observed O-mode time profile (blue solid) is represented as the
sum of the O-O and X-O components, and the X-mode profile (red solid) is represented
as the sum of the O-X and X-X components. The mixing of the two modes makes the
O-mode to X-mode intensity ratio close to 1; thus, the DCP decreases. Furthermore, since
the four reflected components have different delays, the overall delay between the O- and
X-modes is lower than that in the one-reflection case. Consequently, the DCP and delay
decrease as the number of reflections increases.
4.4.4 Comparison between Model and Observations
To examine the relationship between the polarization characteristics and number of
reflections, we performed calculations using a simplified reflection model. We assumed an
artificial time profile as the originally generated ZP emission in the source and calculated
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Figure 4.5 Schematic diagrams showing the effects of multiple reflections. The cases
with zero, one, and two reflections are depicted in the upper, middle, and lower panels,
respectively. The blue and red lines correspond to the O- and X-modes, respectively.
The dotted and dashed lines in the lower panel represent the reflected components from
the incident O- and X-modes, respectively.
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variations in polarization characteristics due to depolarization. Then, the DCP and delay
were derived from the resulting time profiles of the O- and X-modes. We considered
depolarization due to the reflections and the difference between the group velocities of
the two magnetoionic modes. Furthermore, the calculated polarization characteristics
were compared with the observational results.
To calculate a depolarization coefficient, we used the model of Melrose (2006). In this
model,
(1) the magnetic field is ignored in the refractive indices but is taken into account in
the circular polarizations;
(2) the sharp boundary layer is assumed to be parallel to the magnetic field lines and
to have a thickness of less than about one wavelength; and
(3) the incident waves, magnetic field, and normal to the boundary are assumed to be
coplanar.
The expressions for the depolarization coefficient are given in Equations 4.5 and 4.6.
The expected delay t between the two modes at a frequency ! can be described as
follows.
t =
Z 1
s0

1
vX
  1
vO

ds: (4.9)
where vO and vX are the group velocities of the O- and X-mode waves, respectively, and
s is the coordinate along the propagation path from the reflection height s0 to an observer
(Yasnov & Karlicky 2003). In this study, the integral in Equation 4.9 was performed
along the radial direction. Accounting for the changes of the plasma parameters along the
radial direction, we used density and magnetic field models of the corona, i.e., the 10-fold
Baumbach–Allen model for the electron density (Allen 1947) and the Dulk & Mclean
model for the magnetic field (Dulk & Mclean 1978).
Additionally, the multiplicity of reflections is included in the proposed model. The
reflection height increases with each reflection. For simplicity, the interval of each reflec-
tion is assumed to be constant: reflection occurs every time !=!p increases by 0.05. The
first reflection is placed at !=!p = 1:1. In the general coronal model, ! is higher than the
X-mode cutoff frequency !X for these parameters, and, hence, both modes can propagate
there. The density ratio  = 10 and angle  = 5 are also assumed to be constant through-
out all reflections. We used a sine curve with a period of 1.2 s as an initial time profile
representing typical ZP emission. The expressions in Equations 4.7 and 4.8 were used to
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Figure 4.6 Calculated time profiles of both modes with 0, 1, and 12 reflections, from
top to bottom. The blue and red lines represent the O- and X-modes, respectively. See
the text for the parameters used in the calculations.
calculate the time profiles of the two polarized components after i reflections. The calcu-
lated time profiles with 0, 1, and 12 reflections are presented in Figure 4.6, from top to
bottom. The blue and red lines correspond to the O- and X-modes, respectively. If there
are no reflections during propagation, depolarization does not occur and the originally
generated O-mode is preserved. Accordingly, the observed DCP should be 100% and the
delay cannot be detected, as shown in the upper panel of Figure 4.6. In the case of one
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reflection (middle panel), the DCP and delay are determined by the reflection height. One
reflection at !=!p = 1:1 leads to a DCP of 50% and a delay of 60 ms. Reflections closer
to the source cause significant depolarization and delays, as expected. When the number
of reflections increases to 12, the DCP and delay decrease to 6% and 6 ms, respectively
(lower panel).
These results suggest that the positive correlation between the DCP and delay can be
explained by the difference between the numbers of reflections, though the possibility
of depolarization due to scattering by low-frequency waves cannot be excluded. Among
the 21 events analyzed in this study, no event had a DCP close to 100%. This finding
implies that each observed ZP involved at least one reflection during propagation through
the corona. However, past observations showed that the DCPs of ZPs can be as high as
100% (Chernov 2006; Tan et al. 2014b). The reason for this discrepancy is difficult to
specify, though the small sample size used in this research may be the reason. As shown
in Figure 4.4, the depolarization coefficient is heavily dependent on  and !=!p. In fact,
these parameters can vary widely under coronal conditions. Nevertheless, the assumptions
made about the angle and frequency in the calculations seem plausible for developing a
general understanding of multiple reflections for the following reasons.
First, the width of the angular spectrum is confined to small angles nearly parallel to
the density gradient due to the effects of refraction. The maximum escape angle 'max of
the radiation is given by the following formula (Zheleznyakov 1996):
'max = arcsec
!
!p
: (4.10)
Assuming the DPR model, then
!
!p
=
sp
s2   1 : (4.11)
Using Equations 4.10 and 4.11, the maximum escape angles for typical ZP stripe har-
monic numbers can be obtained: 'max = 5:7 for s = 10 and 'max = 2:9 for s = 20.
These values are almost consistent with those calculated in this study. Moreover, the
tendency for the DCP and delay to decrease as the number of reflections increases does
not change with the angle. Figure 4.7 shows the angular dependence of the polarization
change due to multiple reflections. The upper and lower panels depict the DCP and delay,
respectively. In each panel, cases with  = 3; 4; 5; 6, and 7 are represented by
purple, blue, green, orange, and red lines, respectively. Although the two parameters de-
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Figure 4.7 Dependences of the DCP (upper panel) and delay (lower panel) on the
number of reflections for waves with different incident angles. The purple, blue, green,
orange, and red lines correspond to  = 3; 4; 5; 6, and 7, respectively. The other
values used in the calculations are the same as those used to obtain Figure 4.6.
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crease in different ways for different angles, they monotonically decrease as the number
of reflections increases.
Meanwhile, !=!p is determined by the relation between the heights at which the radi-
ation originates and reflection occurs. In DPR conditions, the sources are distributed over
a wide range of heights, and reflection points cannot be specified. Accordingly, !=!p can
also be dispersive, but it still increases as the waves propagate outward along the density
gradient, because !p decreases with height. Although the assumption that the waves are
reflected in a constant frequency interval may be too much of a simplification, the essen-
tial feature that !=!p increases with the number of reflections can still be obtained. In any
case, more detailed modeling will be necessary for further discussion of the relation be-
tween depolarization and the observed polarization characteristics, such as the constancy
of the DCP and delay with respect to the time and frequency.
4.4.5 Picture of the source region
For depolarizing reflection to occur, a sharp density gradient whose thickness is less
than the wavelength, which is on the order of meters in this case, is necessary. The
formation of such a boundary is closely related to the microscopic structure of the corona.
Due to the recent development of imaging instruments with high resolutions in the EUV
wavelength range, such as SDO/AIA and HINODE/EIS, the fine structure of the corona
has been revealed (e.g., Del Zanna 2008; Van Doorsseleaere et al. 2008; Warren et al.
2008; Brooks et al. 2012; Peter et al. 2013; Scullion et al. 2014).
The EUV observations indicate that coronal loops consist of bundles of thin strands.
The minimum size of such strands is estimated to be less than 100 km (Peter et al. 2013;
Scullion et al. 2014), and each strand has different physical properties, including den-
sity (Van Doorsseleaere et al. 2008; Brooks et al. 2012), temperature (Warren et al.
2008), and flow speed (Del Zanna 2008). At the boundaries between strands with differ-
ent physical properties, tangential discontinuities can easily be formed. The thickness of
such a discontinuity is determined by the ion gyroradius. Under typical conditions in the
coronal active region (a magnetic field B = 10 G, and a temperature T = 106 K), the
ion gyroradius is about 1 m, which is sharp enough to cause reflection and, accordingly,
depolarization to occur. In addition, the tangential discontinuity is stable against spatial
diffusion in the direction perpendicular to the magnetic field. For the spatial scale of 10 m,
the diffusion time is on the order of 100 s (at T = 106 K), which is longer than the typical
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durations of ZPs (several tens of seconds). Therefore, the existence of few-meter-wide
boundaries that are stable for longer than ZP lifetimes seems to be consistent with the
microscale structure of the corona inferred from high-resolution imaging observations.
Two different circumstances of reflection in the source region were considered by Mel-
rose (2006) for fundamental emission in type I, II, and III bursts: reflection off bundles of
overdense fibers for type I bursts and reflection off the walls of ducts for type II and III
bursts. The polarization of a type I burst is known to depend on the location of the source
region (Zlobec 1975; Wentzel et al. 1986). The DCP is high when the source is located
near the central meridian, and it becomes low as the source approaches the limb. This
longitudinal dependence is interpreted as resulting from the occurrence of large-angle
reflections in overdense fibrous structures (Bougeret & Steinberg 1977; Wentzel et al.
1986). In spite of the similarity of the source geometries (closed-loop structures) of type I
and IV bursts, such longitudinal dependence was not observed for the ZPs analyzed in this
study. For example, the events on 2011 June 21 and 2011 September 6 occurred at almost
the same longitude and had similar active region configurations, but their polarization
characteristics were quite different.
Furthermore, it is difficult to explain the multiplicity of depolarizing reflections in the
context of large-angle reflections, because the reflection coefficient becomes very small as
!=!p increases and most of the energy is transmitted. As a result, effective depolarization
does not occur in this case. Thus, reflection off the bundles of overdense fibrous structures
may not be plausible in ZP source regions. Alternatively, ducting along low-density flux
tubes with overdense walls can reasonably explain the multiplicity of reflections (Duncan
1979). For ducting to occur, low-density open field lines must exist around the source,
though the sources of ZPs are considered to be hot flaring loops. Hence, the closed-loop
structure, which is the emission source, and low-density flux tubes with overdense walls
should be adjacent to each other for ducting to occur. Such conditions can be realized
near the footpoints of complicated magnetic structures.
The picture of ZP generation and propagation suggested by our results can be described
as follows. The emission itself is generated at the fundamental plasma frequency in a
flaring loop structure filled with non-thermal electrons. Then, the emission propagates
through a low-density background and is reflected by overdense loops near the source
region. A schematic diagram of the expected source region is provided in Figure 4.8. It
should be noted that the existence of overdense structures with sharp boundaries near the
source can also cause the conversion of electrostatic waves into electromagnetic waves.
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ZP source
Leading spot
Hot and dense structures
O-mode
X-mode
Low density
Figure 4.8 Schematic diagram of ZP generation and propagation. The blue and red
arrows represent the O- and X-modes, respectively.
We suggested that the differences between the polarization characteristics can be ex-
plained by the differences between the numbers of reflections, assuming fundamental
plasma emission. Nevertheless, what determines the number of reflections is not clear.
As one possibility, we propose the fine-scale structures of coronal loops. As mentioned
above, coronal loops are considered to be collections of thin strands. The different com-
positions of such strands within a loop could result in different wave ducting paths and
change the number of reflections. Moreover, in the low corona where the fine structures
exist, the magnetic field is relatively strong. In such a strong magnetic field, the gener-
ation of ZPs in the X-mode becomes possible (Kuznetsov 2005), which may be related
to the observed X-mode-dominant events. Unfortunately, we have no spatial information
regarding the radio emission sources, so it is difficult to identify the differences between
the fine structures of the loops in the sources.
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4.5 Brief Summary
We investigated the polarization characteristics of 21 selected ZP events observed by
AMATERAS. Although the number of events was limited, the set of events enabled us to
understand the general polarization characteristics of ZPs. The results can be summarized
as follows.
(1) The ZPs were weakly or moderately circularly polarized, and the DCPs were dis-
tributed across a wide range from near 0% to about 70%.
(2) A delay of up to 70 ms was detected between the two circularly polarized compo-
nents. For most events, the weaker polarization component was delayed.
(3) The emission mode of the waves was determined based on the delayed component
and was O-mode in about 81% of the events.
Most of the events could be interpreted in the framework of fundamental plasma emis-
sion and depolarization during propagation. More specifically, the emission was origi-
nally generated and polarized in the O-mode and was then depolarized and partly con-
verted into the X-mode. The difference between the group velocities of the two modes
caused the delay of the X-mode (i.e., the weaker component).
We found a positive correlation between the DCP and delay. As a possible depolar-
ization mechanism, a model based on multiple reflections at sharp boundaries was con-
sidered. We calculated the expected polarization characteristics after multiple reflections
and compared them with the observational results. The results showed that depolarization
due to multiple reflections can produce the observed polarization characteristics: as the
number of reflections increases, the DCP and delay decrease. This finding implies that
the polarization characteristics of ZPs can be determined by their numbers of reflections.
However, the obtained agreement between the model and observations is still qualitative.
For a quantitative discussion, including the angular and frequency dependences of depo-
larization, it is necessary to use more accurate models of the plasma density, magnetic
field, and source geometry. Such models can be developed by performing high-resolution
radio imaging observations using multi-frequency radioheliographs such as the Chinese
Spectral Radio Heliograph (Yan et al. 2009).
What determines the number of reflections cannot be specified without spatial infor-
mation on the radio source. One possible cause is related to the fine-scale structures of
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coronal loops with different physical properties. To identify the differences between the
fine structures of loops, coordinate observations at radio and other wavelengths with high
spatial and temporal resolutions are essential.
Chapter 5
Quasi-periodic Modulation of
Zebra Pattern
Various magnetohydrodynamic (MHD) waves have recently been detected in the solar
corona and investigated intensively in the context of coronal heating and coronal seis-
mology. In this chapter, we report the first detection of short-period propagating fast
sausage mode waves in a metric radio spectral fine structure observed with the Assem-
bly of Metric-band Aperture Telescope and Real-time Analysis System (AMATERAS).
Analysis of Zebra patterns (ZPs) in a type-IV burst revealed a quasi-periodic modulation
in the frequency separation between the adjacent stripes of the ZPs (f ). The observed
quasi-periodic modulation had a period of 1–2 s and exhibited a characteristic negative
frequency drift with a rate of 3–8 MHz/s. Based on the double plasma resonance model,
the most accepted generation model of ZPs, the observed quasi-periodic modulation of
the ZP can be interpreted in terms of fast sausage mode waves propagating upward at
speeds of 3000–8000 km/s. These results provide us with new insights for probing the
fine structure of coronal loops.
5.1 Introduction
Recent observations have revealed that magnetohydrodynamic (MHD) waves are ubiq-
uitous in the solar corona (Nakariakov & Verwichte 2005, Liu & Ofman 2014). There are
two major aims to study coronal MHD waves. One is to solve the coronal heating prob-
lem, and the other is to probe those relating phenomena in the corona that are difficult
to measure directly (coronal seismology; Roberts et al. 1984, Nakariakov & Verwichte
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2005). Most of these MHD waves have been detected by instruments with high spatial
resolutions predominantly in the extreme ultraviolet (EUV) band in the past two decades.
The detected waves include standing slow (Kleim et al. 2002; Wang et al. 2003), fast
kink (Aschwanden et al. 1999; Nakariakov et al. 1999), fast sausage (Nakariakov et al.
2003), and propagating slow modes (Ofman et al. 1997; De Moortel 2002a; 2002b). The
latest observations revealed propagating fast magnetoacoustic wave trains with periods
over several tens of seconds (Liu et al. 2011; Yuan et al. 2013).
Despite the wide range of detected modes of the waves, propagating fast magnetoacous-
tic waves with periods shorter than about one minute have rarely been observed although
the existence of such waves have been theoretically predicted (e.g. Edwin & Roberts
1983; Roberts et al. 1984). This is mainly because the imaging instruments lack the tem-
poral resolution. Conversely, radio spectral observations have the advantage of extremely
high temporal resolutions but lack the spatial information. In the radio wave band, the
signatures of MHD waves appear in the form of quasi-periodic pulsations in intensity
(Chernov et al. 2005) and modulations in other observed parameters such as the emis-
sion frequency (Yu et al. 2013). Their characteristic periods range from sub-seconds to
minutes. They are often observed in the fine spectral structures of solar radio bursts.
Among them, the Zebra pattern (ZP), which consists of several parallel stripes super-
imposed on the background continuum in type-IV bursts, is one of the most enigmatic
fine structures in solar radio bursts. Although many models can explain the generation
of ZPs, the most consistent one is based on the double plasma resonance (DPR) effect
(Zheleznyakov & Zlotnik 1975b; Kuznetsov & Tsap 2007). The DPR model assumes the
enhanced excitation of plasma waves at some resonance levels located at different heights
in a magnetic flux tube and their subsequent mode conversion into electromagnetic waves.
The observational evidence of this model has been presented with the interferometric ob-
servation of a microwave ZP (Chen et al. 2011). For more details of this model, see the
review paper by Zheleznyakov et al. (2016).
The signatures of standing sausage mode waves have been found in the frequency wig-
gling of microwave ZPs (Yu et al. 2013). This result is corroborated by simulations of
standing and propagating fast sausage mode waves (Yu et al. 2016b). However, the obser-
vational counterparts of the propagating waves have not been reported yet. In this chapter
we report the detection of quasi-periodic modulation in the frequency separation between
the adjacent stripes (f ) of a ZP and suggests that they are caused by fast sausage mode
waves propagating in the coronal loop.
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5.2 Observations and Data Analysis
The observations were performed with the Assembly of Metric-band Aperture Tele-
scope and Real-time Analysis System (AMATERAS; Iwai et al. 2012), a solar radio
spectrometer installed on the Iitate Planetary Radio Telescope in Fukushima, Japan. AM-
ATERAS has a temporal resolution of 10 ms and frequency resolution of 0.061 MHz in
the 150–500 MHz frequency range, and it can observe left- and right-handed circularly
polarized components simultaneously. The high temporal and frequency resolutions of
this telescope are suitable for observing the characteristics of fine structures in solar radio
bursts.
5.2.1 Overview: 2011 June 21 Event
In this study, we particularly paid attention to the ZP event occurred on 2011 June 21,
associated with a C7.7 class long-duration flare in the NOAA active region 11236, located
near the disk center (see Kaneda et al. 2015 for the details of this event). During the flare,
several type-IV bursts occurred intermittently (Figure 5.1A), and ZPs were recorded in
one of them at around 03:19–03:24 UT (Figure 5.1B). We focused on a part of the ZPs in
which the stripe structures can be clearly distinguished from the background continuum
(Figure 5.1C). The radio intensity changes quasi-periodically and is enhanced during the
time of the ZP appearance. ZPs in this part consist of about 30 stripes in the frequency
range of 155–210 MHz and are dominant in the right-handed circularly polarized com-
ponent. The time delay between the right-handed and left-handed circularly polarized
components indicates that the wave mode is the ordinary mode (Kaneda et al. 2015). The
observed quasi-periodic modulation in the intensity has periods of about 1–3 s.
Figure 5.2 displays images of the active region 11236 in different wavelengths at around
the time when the ZP appeared. Figure 5.2(a) shows contours of the radio brightness tem-
perature at 17 GHz observed with Nobeyama Radioheliograph (NoRH; Nakajima et al.
1994) overlaid on the magnetogram taken by Helioseismic and Magnetic Imager (HMI;
Schou et al. 2012) onboard the Solar Dynamic Observatory (SDO). The radio brightness
temperature is higher in the region between the leading and following spots, indicating
the presence of a post-flare loop filled with hot electrons. The post-flare loop is also seen
in the EUV band. A brightening sigmoid loop at 131 A˚ observed with the Atmospheric
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Figure 5.1 Dynamic spectrum of the event observed on 2011 June 21 with AMAT-
ERAS. (A) The entire type-IV burst event. Six type-IV bursts occurred intermittently;
ZPs were detected only in the burst enclosed in the white rectangle. (B) Type-IV burst
in which the ZP structure was detected. Other complex fine structures can also be seen.
ZPs are prominent at around 03:22–03:23 UT. (C) Enlarged spectrum where the ZP is
prominent.
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Image Assembly (AIA; Lemen et al. 2012) onboard SDO is shown in Figure 5.2(b). Hor-
izontal scale of the loop is about 180,000 km. Figure 5.2(c) and (d) are a side view of
the loop at 195 A˚ taken by the Extreme UltraViolet Imager (EUVI; Wu¨sler et al. 2004)
onboard the Solar TErrestrial RElations Observatory-Ahead (STEREO-A) and its running
difference image, respectively. The loop reaches at a height about 200,000 km. Note that
the height is underestimated due to the projection effect. There are no other active regions
or brightening in radio and EUV bands during the type IV bursts event. Therefore it is
highly probable that this post-flare loop is relevant to the type IV bursts and associated
ZPs although we have no spatially resolved radio observations in the metric range.
5.2.2 Spectro-temporal Variation of the ZP
Prior to analyzing the spectrotemporal variation in the frequency separation between
the adjacent stripes (f ), we identified the frequencies of each stripe using the follow-
ing procedure. First, we removed the trend of the background broadband continuum by
subtracting the smoothed frequency profile over 50 bins (i.e., 3.05 MHz) for each time
step and then derived the local intensity peaks in the frequency profile. Each peak was
subsequently fitted by a Gaussian function, with the central frequency of the Gaussian
function determined to be the frequency of a ZP stripe. Tracings of the obtained inten-
sity peaks reveal that the ZP stripes are virtually continuous throughout the analyzed time
range (Figure 5.3A). This implies that the ZPs were continuously generated despite the
strong intensity modulation.
The difference between the frequencies of two adjacent stripes was defined as f , and
the variation in f with time and frequency is represented by a color contour, as shown
in Figure 5.3B. To make the variations in f prominent, we differentiated f with re-
spect to the emission frequency (fn+1  fn, where fn = fn+1   fn and fn is the
frequency of the n-th stripe numbered from the lowest frequency in the spectrum; Figure
5.3C). The blue color represents f increasing with frequency, while the red color repre-
sents that decreasing with frequency. The predominance of blue in Figure 5.3C indicates
that f mainly increases with the emission frequency. Furthermore, we find that irreg-
ularities in f appear quasi-periodically and exhibit a negative frequency drift from the
high-frequency side to the low-frequency side. The quasi-periodic drifting irregularities
are remarkable in the latter part of the event around 03:22:45 UT. The period of modula-
tion is approximately 1–2 s with an amplitude of up to 10%, and the frequency drift rate
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Figure 5.2 Images of the active region 11236 observed at different wavelengths during
the ZP event. (a) Contours of radio brightness temperature at 17 GHz observed with
NoRH overlaid on the magnetogram of SDO/HMI. (b) SDO/AIA image at 131 A˚. (c)
EUV image at 195 A˚ observed with STEREO/EUVI-A. (d) Running difference image
of (c).
is approximately 3–8 MHz/s.
5.3 Discussion
5.3.1 Mode Estimation
The overall characteristics of the observed ZP (strong polarization in the ordinary mode,
and f increasing with emission frequency) indicate that the ZP was generated by the
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Figure 5.3 Analysis of the frequency separation between adjacent stripes (f ).
(A) Extracted frequencies of stripes (yellow dots) plotted on a dynamic spectrum
(grayscale). (B) Spectrotemporal variation in f represented by color contours. f
increases from 1.2 MHz at the lower-frequency end to 2.8 MHz at the upper-frequency
end with some quasi-periodic modulation. (C) Differential of f with respect to the
emission frequency (fn+1 fn, where fn = fn+1  fn and fn is the frequency
of the n-th stripe numbered from the lowest frequency in the spectrum). The parts
where f increases with frequency are blue, while those where f decreases with
frequency are red. The quasi-periodic drifting irregularities are remarkable at around
03:22:45 UT.
88 CHAPTER 5.
DPR mechanism at the fundamental plasma frequency fp (Kaneda et al. 2015). In the
following, we will discuss the characteristics of the quasi-periodic modulation in f
based on the DPR model.
The DPR model supposes the excitation of the enhanced electrostatic waves at the lev-
els where the upper hybrid frequency fUH coincides with the harmonics of the electron
cyclotron frequency fc:
fUH =
q
fp
2 + fc
2 = sfc; (5.1)
where s is a harmonic number. In the corona, where the plasma is inhomogeneous and the
characteristic scales of the magnetic field and the plasma density differ, the DPR levels
corresponding to different harmonic numbers are located at different heights.
In this model, the frequency separation between the adjacent stripes is determined
by the cyclotron frequency and the ratio between the characteristic spatial scales of the
plasma number density LN and the magnetic field variations LB :
f  LBjLN   LB jfc; (5.2)
where
LB = fc

@fc
@h
 1
= B

@B
@h
 1
;
LN = fp

@fp
@h
 1
= 2ne

@ne
@h
 1
; (5.3)
where h is the radial distance from the solar surface. If we assume the general coronal
models as source conditions of metric radio bursts, for example, the Baumbach–Allen
formula for the plasma density (Allen 1947) and the Dulk & Mclean formula for the mag-
netic field (Dulk & Mclean 1978), the characteristic spatial scale of the plasma density
is greater than that of the magnetic field (jLN j > jLB j) and both parameters monoton-
ically decrease with height (LN < 0; LB < 0). Under such plasma conditions where
the plasma in the source region is stationary, f monotonically increases with emission
frequency (Figure 5.4A). In contrast, when the plasma in the source region is disturbed,
f changes in accordance with the change in the plasma density and the magnetic field
(Figure 5.4B). That is, the variation in f reflects the disturbances in the magnetic field
or the plasma density, or a combination of both. As magnetoacoustic waves naturally
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Figure 5.4 Schematics showing the DPR levels under different conditions. The red
and black lines indicate the upper hybrid frequency fUH and harmonics of the cyclotron
frequency sfc, respectively, as a function of the corona height h. The intersections
of these two profiles correspond to the levels of the DPR. (A) DPR levels when the
plasma is stationary; it can be seen that f monotonically increases with frequency.
(B) DPR levels when the plasma is disturbed on a small scale; it can be seen that local
irregularities arise in the frequency dependence of f .
perturb these parameters, they can cause a quasi-periodic modulation in f . Thus, the
observed quasi-periodic modulation in f can be interpreted as the signature of the mag-
netoacoustic waves present in the coronal loop.
Assuming the plasma emission mechanism at the fundamental frequency (fp), the emis-
sion frequency can be converted to the radial height using a coronal density model. In de-
riving the property of the magnetoacoustic waves, we used the fivefold Baumbach-Allen
model (Allen 1947), adjusted to the active region. Although the model contains some
ambiguity, it allows us to estimate the mode of the waves.
The frequency width of irregularities in f corresponds to the spatial scale of the dis-
turbances. The typical frequency width of the observed irregularities in f is about 5
MHz (Figure 5.3C), which occupies about 11% of the entire frequency range of the ZP.
The equivalent spatial scale of disturbances is estimated to be about 7700 km. On the
other hand, the scale of the relevant magnetic loop is much larger than this (Figure 5.2).
If we assume the semicircular shape of the loop with a radius of 180,000–200,000 km,
corresponding loop length is approximately 280,000–310,000 km. The scale of the distur-
bances is only 2–3% of the loop length. The fact that the spatial scale of the disturbances,
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i.e., the wavelength of the waves, are small compared to the ZP source in a loop suggests
that the MHD waves are not global mode.
Another characteristic is the negative frequency drift of irregularities in f with a rate
of 3–8 MHz/s. This negative frequency drift corresponds to the outward propagation of
the disturbances with a speed of 3000–8000 km/s. This indicates that the quasi-periodic
modulation in f was caused by the propagating waves. If the origin of the quasi-
periodicity was the standing waves, modulations in f at different frequencies would
be in-phase (Yu et al. 2016b), which is inconsistent with our observation.
Further, the propagation speed of 3000–8000 km/s is much greater than the typical
sound speed in the corona (several hundred kilometers per second). Thus, the waves
would be fast mode instead of slow mode. There are two fast mode waves in the magnetic
flux tube: kink mode and sausage mode. The phase speed of the kink mode waves is less
than the kink speed ck:
ck  vA
s
2
1 + (e=)
; (5.4)
whereas that of sausage mode waves is less than the Alfve´n speed outside the tube:
vAe =
Bep
4e
; (5.5)
where vA is the Alfve´n speed,  is plasma mass density, and the subscript e represents
the outside of the tube. For the typical condition in the source region of metric ZPs
(ne = 5 108cm 3, corresponding to fp = 200 MHz, =e = 0:1, and B = 10 G), the
maximum phase speeds are approximately 1300 km/s for kink mode waves and 3000 km/s
for sausage mode waves. Considering these facts, the agent causing the quasi-periodic
modulation in f is most likely the fast sausage mode waves.
The above interpretation is consistent with the simulation results presented by Yu et
al. (2016b). They simulated the effect of a fast sausage wave on microwave ZPs and ob-
tained a frequency drifting structure similar to that observed by AMATERAS, although
the frequency drift was in the opposite direction (Figure 2 in Yu et al. 2016b). This is
attributed to the difference in morphology of the source region. In their simulation, an
impulsive perturbation at the top of a magnetic loop was assumed. In this case, the wave
excited at the loop top propagated toward the footpoints. Such a situation would be rep-
resentative of microwave ZPs. In contrast, our observations show an upward propagation
of disturbances, indicating that the source of the MHD waves was located below that of
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the ZP. This interpretation may be reasonable considering the magnetic loop associated
with metric radio bursts is larger and extends to higher altitudes in the corona than those
of microwave radio bursts; the MHD waves were generated at low altitudes in the corona
and propagated upward along the large loop structure.
The origin of MHD waves is difficult to specify without spatial information on the radio
source. Nevertheless, one possible candidate is magnetic reconnection at low altitudes
in the corona. An impulsive fast magnetoacoustic wave can be generated by magnetic
reconnection, giving rise to a quasi-periodic wave train because of the dispersion during
the propagation in the inhomogeneous plasma (Roberts et al. 1984; Shestov et al. 2015;
Yu et al. 2016a). In fact, the result of the wavelet analysis performed with our data is
similar to the previously observed or simulated ones (Katsiyannis et al. 2003, Nakariakov
et al. 2004), as shown in Figure 5.5. The mean period of the wave train was estimated to
be of the order of the fast wave travel time across the transversal scale of the waveguiding
flux tube (Roberts et al. 1984; Shestov et al. 2015). The observed period of 1–2 s
is consistent with the typical period of the wave train estimated by Roberts et al. (1984).
Such quasi-periodic fast wave trains with long periods (several tens of seconds) have been
observed in the EUV band (Liu et al. 2011; Yuan et al. 2013). It is therefore conceivable
that the quasi-periodic modulation observed in the f of the ZP is the shortest-period
counterpart of these quasi-periodic fast wave trains. Furthermore, the time evolution of
propagating MHD waves is believed to be closely related to the transverse density profile
of the waveguiding flux tube (Shestov et al. 2015; Yu et al. 2016a; 2017). We mention that
the detection of short-period propagating MHD waves, as confirmed in our observation,
offers a possibility of probing the coronal loop with an extremely fine scale that cannot be
resolved by other observations.
5.3.2 Comprehensive View of the Phenomena
In order to understand this phenomena comprehensively, we further investigated the
time evolutions of several different quantities. Firstly, we focus on the longer time scale
variations of the order of minutes: intermittent type IV bursts and the occurrence of the
ZP. Figure 5.6 shows light curves of GOES soft X-ray flux, its time derivative, NoRH 17
GHz brightness temperatures, and AMATERAS 190 MHz intensity from top to bottom.
Values of NoRH 17 GHz light curves are averaged brightness temperature in different
regions of the active regions shown in Figure 5.7. Red, orange, green, blue, and purple
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Figure 5.5 Wavelet analysis of the temporal variation in f . (Upper) Time profile of
f differential with respect to frequency at 170 MHz. We used the time interval of 30
seconds from 03:22:24 UT for the analysis. (Lower) Wavelet spectra of the time profile
in the upper panel. The color contour shows the wavelet power.
lines correspond to the numbered regions in Figure 5.7: 1, 2, 3, 4, and 5, respectively, and
black line is the average of these five regions. The type IV bursts correspond to the gradual
enhancements in 190 MHz light curve while the ZP can be recognized as a spike at around
03:22 UT. Despite very strong radio intensity of the ZP, there is no enhancement in soft
X-ray and in microwave corresponding to the ZP. On the other hand, the time derivative
of soft X-ray flux is oscillating with the time scale of several minutes in the rising phase
of the flare during 02:30–03:30 UT. As the soft X-ray is emitted by hot plasma heated
by accelerated particles, its time derivative can be used as a mimic of the hard X-ray
emission, an index of particle acceleration (known as the Neupert effect; Neupert 1968,
Hudson 1991). Thus, the oscillating profile of the soft X-ray flux derivative implies that
there are several small-scale particle acceleration regimes in this time range. Although the
time scale is slightly longer than that of the oscillating features of soft X-ray derivative
(Figure 5.6), the intermittent occurrence of type IV bursts may have resulted from these
small-scale particle accelerations. Furthermore, the absence of the counterparts of these
particle accelerations in microwave light curves suggests that the acceleration sites are
higher in the corona than the microwave source.
Regarding the shorter time scale variations of the order of seconds, the main focus is
put on the relationship between the metric radio intensity modulation and that in f .
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Figure 5.6 Light curves of GOES soft X-ray flux, its time derivative, NoRH 17 GHz
brightness temperatures, and AMATERAS 190 MHz intensity from top to bottom.
Color lines of the NoRH 17 GHz plot are averaged brightness temperatures in dif-
ferent regions shown in Figure 5.7: red, orange, green, blue, an purple lines correspond
to the regions numbered 1, 2, 3, 4, and 5. The black line is the average of all of them.
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Figure 5.7 Radio image of the active region observed by Nobeyama radio heliograph
(NoRH) at 17 GHz around 03:20:26 UT. Numbered white boxes are the regions corre-
sponding to the light curves in Figures 5.6 and 5.8.
Time profiles of these quantities are plotted in Figure 5.8: NoRH 17 GHz light curves and
GOES soft X-ray flux derivative in the uppermost panel, AMATERAS radio intensities
in the second panel from the top, f variations of the ZP in the second panel from the
bottom, and differentials of f with respect to the emission frequency in the bottom
panel. Except the top panel, different colors indicate different frequencies shown at the
right side of the plots. The light curves of AMATERAS radio intensity were derived by
averaging over frequency widths of about 10 MHz, while those of f and its derivative
were averaged over 6 MHz widths. It should be noted that there are some spikes in the
bottom two panels due to the unclear stripes, which are more often in the lower and
higher frequency ends of the ZP (see Figure 5.3). In the time scale resolved by GOES
and NoRH (4 and 2 s, respectively), there seems to be almost no variation in soft X-ray
and microwave. In contrast, the metric radio intensity and f of the stripes is oscillating
with periods of about 1–3 s. The modulation in intensity is remarkable in the former part
of the plot around 03:22:00–03:22:10 UT, while that of the f is prominent in the latter
part particularly after 03:22:40 UT.
Before discussing the relationship between the intensity and f , we briefly describe
the properties of the intensity modulation. As shown in the second panel from the top
and in Figure 5.1C, the radio intensity is modulated quasi-periodically in enhancement
and reduction with periods of 1–3 s. It may be reasonable to perceive them as quasi-
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Figure 5.8 Time profiles of GOES soft X-ray flux derivative (navy) and NoRH 17GHz
brightness temperatures at different regions shown in Figure 5.6 (the color of the lines
is the same as Figure 5.6, metric radio intensities, f values, and differential of f
with respect to frequency, from top to bottom.
periodic reductions rather than enhancements because they have almost flat-top profiles
and gradual decreases in the latter part of the plot (after 03:22:35 UT). This type of the
bursts are known as sudden reductions or negative bursts (see Figure 1.10), and interpreted
as the quenching of the loss-cone instability (Zaitsev & Stepanov 1975, Benz & Kuijpers
1976, Fleishman et al. 1994). According to the theories for negative bursts, when fast
particles are injected into the source of type IV continuum, they fill the loss-cone and
as a result, they form the quenching of continuum in the envelopes like type III bursts.
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In fact in our observations, the reduced envelopes show rapid frequency drifts with rates
of several hundreds of megahertz per seconds, which is comparable to those of type III
bursts. Therefore the quasi-periodic modulations in radio intensity are generated by quasi-
periodic injection of fast particles like electron beams.
Such fast particle injections themselves cannot be the source of MHD waves, because
the modulation in f is caused by disturbance in the background thermal component.
Nevertheless, fast particles and MHD waves may have the same origin, that is, magnetic
reconnection. In other words, magnetic reconnection could cause quasi-periodic injec-
tions of fast particles though its oscillatory regimes and also could generate impulsive
fast wave trains which are observed as the modulation in f . From this point of view,
the temporal discordance of these two profiles could be interpreted by the difference in
propagation speeds. The typical speed of fast particles derived by frequency drifts of
the negative bursts is approximately 30,000 km/s, while that of MHD waves is approxi-
mately 3,000 km/s. If the particle acceleration site as the source of the both fast particles
and MHD waves is located about 90,000 km (half of the loop height) away from the ZP
source, the time lag between the two regimes would become about 30 s, which may be
possible for the conditions of our observations. However, examination of the correlation
between the two profiles experiences a difficulty because of the low amplitude of modu-
lation in f .
5.4 Brief Summary
In this chapter, we analyzed the spectrotemporal variation in the frequency separation
between the adjacent stripes (f ) of a ZP event. We found that the f was modu-
lated quasi-periodically and the irregularities in f exhibited a characteristic negative
frequency drift. The period of modulation was 1–2 s and the frequency drift rate was
3–8 MHz/s. Assuming the DPR model for the generation of the ZP, we derived the basic
properties of the agent that caused the quasi-periodic modulation in f as follows:
(1) Disturbances in the plasma density and/or magnetic field
(2) A spatial scale of approximately 7700 km, smaller than the size of the ZP source
extent
(3) Upward propagation along the coronal loop with a characteristic speed of 3000–
8000 km/s.
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Considering these characteristics, we concluded that the observed quasi-periodic modu-
lation in f was caused by propagating fast sausage mode waves. The interpretation in
terms of impulsively generated fast waves is consistent with the theoretical prediction and
observations in other wave bands reported by several authors. As the short-period MHD
waves are related to the magnetic loops with small transversal scales, further investiga-
tion of this kind of fine spectral structures will provide us the information on the fine scale
structures of coronal loops that cannot be resolved by other observations.
In addition, we compared the modulations in f and that in intensity. The intensity
modulation with period of 1–3 s is interpreted as negative bursts: the quenching of the
loss-cone instability by fast particles injections which fill the loss-cone. Although it is
still qualitative, we suggest a possibility that the origin of these two modulations have the
same origin; they can be caused by a magnetic reconnection in the low corona. It is also
consistent with the interpretation by the impulsive generated fast wave trains.
So far, the initial excitation of MHD waves was not understood, although our results
imply that some energy release processes occurred near the footpoint of the coronal loop.
To specify the source of the MHD waves, simultaneous observations of MHD wave sig-
natures in different wavelengths might be effective. Such observations would be im-
plemented with combinations of broadband radio interferometers such as MUSER and
high-resolution imaging telescopes such as SDO/AIA, IRIS, and Hinode. Furthermore,
the excitation mechanism of MHD waves through magnetic reconnection process can be
complemented by numerical simulation in future work.

Chapter 6
Concluding Remarks
6.1 Summary
This thesis investigated Zebra Patterns (ZPs) in type IV solar radio bursts and associ-
ated small-scale physical processes occurring in the corona. To understand the nature of
ZP and to reveal the features of the corona underlying the striped spectrum of ZP, we per-
formed comprehensive analyses using the high resolution radio spectral and polarization
data obtained with AMATERAS and other observational data. Main achievements of this
thesis are summarized in the followings.
Occurrence Conditions
Preceding statistical studies on fine structures in type IV bursts indicate that there are
some conditions favorable for producing ZPs. In Chapter 2, we investigated the conditions
for generating ZPs. We surveyed all available data of the AMATERAS database and
retrieved 21 type IV burst events accompanied by ZPs in 54 type IV burst events. By
applying the method of kernel density estimation, we compared occurrence characteristics
of type IV bursts with and without ZPs in association with flares. As a result, we found
followings tendencies in occurrence of type IV bursts accompanied by ZPs: (1) they
are likely to occur in the decay phase of the associated flares. (2) They are relevant to
longer duration flares. (3) They are relevant to relatively larger magnitude flares. (4)
They are likely to be observed in connection with active regions located in the low and
mid longitudes and may not be with limb flares. Occurrence conditions of ZPs suggested
from these results are (1) high temperature (10–20 million degrees) of the background
thermal components, (2) slow and continuous particle acceleration at a high altitude in
the corona, (3) occurrence with the stationary source like a post-flare loop rather than
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moving source like a CME plasmoid. In addition, the longitudinal dependence of type IV
bursts with ZPs suggests that they have stronger directivity than those without ZPs. We
also compared the occurrence characteristics of different types of ZPs according to Tan et
al. (2014b), but significant differences were not confirmed.
Location of Depolarization Processes
To explain the strong polarization of ZPs, some depolarization processes which partly
convert the initial O-mode emission into the X-mode emission should have occurred dur-
ing propagation. However, where and how such depolarization occurs have not been
understood. Therefore, in Chapter 3, we firstly investigated polarization characteristics
of a ZP and its frequency dependence to identify the site of depolarization, in contrast
to preceding studies performed at some fixed frequency bands. We analyzed a ZP event
on 2011 June 21 associated with a C7.7 flare. The degree of polarization (DCP) was ap-
proximately 70% in right-handed circularly polarization (RCP) and was almost constant
over the whole frequency range of the ZP in 160–210 MHz. We also found the temporal
delay between the two circularly polarized components and its frequency dependence:
the delay of the left-handed circularly polarized component (LCP) about 50 ms slightly
increasing with the emission frequency. Owing to the high time and frequency resolutions
of AMATERAS data, we could evaluate several depolarization mechanisms. Our results
suggested that the depolarization process that partly convert the O-mode emission into
the X-mode occurred very near the emission source of each frequency located in different
heights. Nevertheless, the depolarization mechanism i.e. how the O-mode is converted to
the X-mode was remained unresolved.
A Possible Mechanism for Depolarization
In Chapter 4, we further investigated the polarization characteristics of ZPs to under-
stand the depolarization mechanism mentioned in Chapter 3. To reveal the general polar-
ization characteristics, we performed statistical analysis using the 21 ZP events observed
with AMATERAS between 2011–2015. The obtained polarization characteristics can be
summarized as follows: (1) ZPs were weakly or moderately polarized as the DCP of 0–
70%. (2) Temporal delay between the RCP and LCP up to 70 ms was confirmed. (3) Most
of the ZPs were polarized in the sense of circularly polarized component corresponding
to the O-mode. These characteristics can be explained in the framework of the funda-
mental plasma emission and subsequent depolarization during the propagation after the
emission is generated. Furthermore, we found the positive correlation between the DCP
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and the delay (rank correlation coefficient R = 0:62). As an interpretation of the posi-
tive correlation, we proposed a model of depolarization based on multiple reflections at
sharp density boundaries. The calculated values of DCP and delay with this model were
consistent with the observations, indicating that polarization characteristics of ZPs were
determined by the number of depolarizing reflections. These results suggest the existence
of sharp boundaries with their thickness on the order of meters in the source regions of
ZPs, which cannot be resolved by any other observations.
Origin of Quasi-periodic Modulations
Magntohydrodynamic (MHD) waves in the corona have been intensively studied as
they can heat the corona and can be a tool for diagnose the coronal plasma. The observed
wavy oscillations in ZP stripes may be relevant to these waves although it has been rarely
confirmed so far, especially those in the frequency separation between the stripes f .
In Chapter 5, we investigated quasi-periodic modulations of ZP in both f , and those
in the radio intensity. A detailed analysis of a ZP event on 2011 June 21 revealed the
spectro-temporal variation in both of them. f is modulated quasi-periodically with a
typical period of 1–2 s, an amplitude of less than 10%, and the modulation in f shows
a characteristic negative frequency drift with rates of 3–8 MHz/s. Based on the Double
Plasma Resonance (DPR) model, the modulation in f can be interpreted that it was
brought about by the disturbances in the electron density and/or the magnetic field with
their spatial scales of approximately 8,000 km, propagating upward along the magnetic
flux tube in the source of the ZP with speeds of 3,000–8,000 km/s. Considering these
facts, we concluded that the agent that caused the quasi-periodic modulation in f is
propagating fast sausage mode waves. This conclusion was consistent with numerical
simulations and observations in other wavelengths performed by many preceding studies.
On the other hand, the intensity modulation had a typical period of 1–3 s and a rapid
frequency drift which is similar to that of type III bursts. This quasi-periodic modula-
tion in radio intensity can be interpreted by the quenching of the loss-cone instability by
quasi-periodic injections of fast particles, which fill the loss-cone. Although the temporal
correlation between the two quasi-periodic modulations was not found, they might have
the same origin, a magnetic reconnection in the low corona. In any case, the detection
of propagating fast mode waves in the ZP suggest that the ZP can be used to probe the
plasma parameters which are difficult to be measured with other observations such as the
magnetic field in the corona.
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6.2 Suggestions for Future Work
The above achievements highlight the significance of radio spectral observations with
high time and frequency resolutions in the context of the coronal plasma diagnostics par-
ticularly in the flaring loop. Nevertheless, these results are based on an assumption of the
model for the generation of ZPs because we had no spatial resolved radio observations in
the frequency range of AMATERAS. In determining the model which is relevant to the ZP
generation observationally, the spatial information on the radio source including their po-
sitions and sizes can be the determining factor, as presented by Chen et al. (2011). Thus,
the most crucial work to understand the generation of ZPs is the coordinated observations
of radio spectral telescopes with high time and frequency resolutions and radio spectral
imaging telescopes with high spatial resolutions. In the case of using AMATERAS, Min-
gantu Ultrawide SpEctral Radioheliograph (MUSER; Yan et al. 2009) in China can be a
candidate as its observation time and frequency range are partly overlapped with those of
AMATERAS. By using these telescopes complementarily, more quantitative discussions
on the physical processes and structuring in the corona including MHD waves and strands
of the coronal loop will be possible.
Another direction of the future work on ZPs would be comparative studies of solar ZPs
with ZP-like radio emission spectra of other astronomical objects and laboratory plasma.
Recently, the ZP-like spectra have been detected not only in solar radio emission but also
in Jovian kilometric radio emission (Kurth et al. 2001), Crub pulsar microwave emission
(Hankins & Eilek 2007), and even in that of laboratory plasma (Viktorov et al. 2015). It
may not be unnatural to conceive that they all have a common origin though the spatial
and temporal scales are quite different. In fact, the interpretation based on the DPR model
have been found to be valid in some cases (Kuznetsov & Vlasov 2013, Zlotnik et al.
2016, Zheleznyakov et al. 2012, Viktorov et al. 2015). In the laboratory, one can probe
the plasma in-situ and measure waves which cannot escape from the source although the
plasma are confined to small volumes and short times. On the other hand, in the pulsar
plasma, observable phenomena occur over large volumes and long times while one can
only observe them outside the source from far distant. The Jovian magnetosphere may be
intermediate of them in this sense. Knowledge obtained from the phenomena in different
kinds of plasmas could be applied to those in others. Hence, the study on the ZP crossing
over the scales from laboratory plasma to pulsar magnetosphere will surely contribute to
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the understanding of the plasma and associated physical processes which are ubiquitous
in universe.
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